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The work reported in this thesis involved the development of a 
combination discharge tube reactor and mass spectrometer inlet system 
for investigation of very reactive chemical species at cryogenic tem-
peratures; and the investigation of the synthesis, stability, energetics, 
and chemical reactivity of the reported low temperature oxygen fluo-
rides, 0_F and 0 F_, as well as the unknown oxygen-fluorine free radi-
cals, O^F and 0Fo 
The investigation of species that exist as stable entities only 
so long as they are maintained at cryogenic temperatures has required 
development of rather novel equipment and experimental techniques. The 
development of a multipurpose cryogenic reactor and mass spectrometer 
inlet system was completed (initial development was performed by Martin ) 
in this work0 Using this apparatus, it is possible to synthesize mixtures 
of labile species at cryogenic temperatures by a variety of techniques 
(electrical discharge, pyrolysis, direct reaction, etc.), partially 
separate them (by simple distillation or differential condensation), and 
vaporize them directly into the ionizing electron beam of the mass spec-
trometero Mass spectrometer sensitivity calculations were made which 
indicated that the cold labile species should be injected from an inlet 
port which actually touched the edge of the electron bearm These calcu-
lations predicted a decrease in sensitivity from its maximum by about a 
factor of 100 for the case where the sample inlet port was only 2„0 cm 
from the ionizing electron bearm This trend was strikingly verified in 
xiii 
the investigations of the O F radical for this work* The cryogenic reactor-
inlet system that was developed as part of this research permits the opti-
mum arrangement, that is, injection of the sample directly into the edge 
of the electron beam. The arrangement also permits detection of condensed 
species at temperatures where they exert a vapor pressure of only about 
—ft 
10 torr« The device has been used quite successfully in this work for 
the investigation of the low temperature oxygen fluorides. 
The low temperature oxygen fluorides are believed to be the most 
powerful oxidizers known, being extremely reactive even at temperatures 
as low as 90°KU This has generated considerable interest in their pos-
sible use as propellant oxidizers and special purpose oxidizer additives, 
as well as in their use as reactive intermediates for the synthesis of 
other species that may be more stable and even more useful„ The oxygen-
fluorine free radicals were the object of much interest since none had 
ever been directly observed and it is believed that they might be extremely 
reactive and energetic» 
Investigation of the mass spectrum of O F over a broad tempera-
ture range indicated that its final decomposition products were only 0 
and F as had been reported earlier„ The A(0-F ) and A(0F ) from O F 
were measured to be 14*0 ± 0.1 ev and 17,5 _+ 0«2 ev, respectively,, 
Neither the positive nor the negative ion of dioxygen difluoride, O F 
or O F , was detected in the mass spectrometer. From these measured 
+ + 
A(0 F ) and A(0F ), along with other available electron impact, microwave, 
+ + 
thermo chemical̂ , and kinetic data, it was determined that O F and OF were 
being formed by the following mechanisms, 
°2F2 + e ~* °2 F + + F + 2e 
XIV 
and 
O F + e - OF+ + OF + 2e 
respectively. These data also permitted the development of the bond 
energies of the O F molecule and O F free radicals They were determined 
to be 
D(F-OF) = 0*8 ev D(O-OF) = 4C8 ev 
D(FO-OF) = 4.5 ev D(0 -F) = 0.8 ev 
These results are consistent with microwave, thermochemical, infrared, 
and kinetic data which all indicate that the 0-0 bonds are very strong 
in these species, whereas the O-F bonds are unusually weak. 
Prior to the initiation of the present experimental work a quali-
tative theoretical analysis was conducted on the O F radical, using the 
arguments of the double quartet modification of the octet rule, to see 
if any strong conclusions concerning its existence or nonexistence would 
be possible. This analysis led to a proposal that the species could pos-
sibly be stabilized at low temperatures and would have an usually strong 
0-0 bond and very weak O-F bond., The bond energies for the radical were 
obtained in the investigations of the OJF molecule, as discussed above, 
and obviously agree quite well with the qualitative proposal * The radi-
cal was actually detected in this work as a free species in the vapor 
phase, resulting from the pyrolysis of 0»F in a tubular alumina furnace 
at about 250°Ko This permitted a direct measurement of 1(0 F) of 1206 + 
0.2 ev and calculation of l(0 F0) < 13s4 ev, which are in close agreement 
with values estimated first in the development of the energetics of the 
XV 
O F molecule. This radical has also been detected in the past few months 
from epr studies of the liquid phase of O F (contains O F in concentra-
tions as high as 10 per cent by weight) and from ir studies of the pro-
ducts from the uv irradiation of F in an 0^ matrix at 4°K. These mass 
spectrometric results for O F were quite exciting in that they not only 
represented the synthesis of a previously unknown species after predict-
ing its possible stabilitŷ , but they also resulted in the determination 
of its energetics which were in excellent agreement with its previously 
proposed electronic structure0 
Several attempts were made to produce the O F radical by subject-
ing gaseous 0̂ -F mixtures and 0 -OF mixtures to an electrodeless radio 
frequency discharge at room temperature, but these experiments gave no 
evidence for the formation of the species. However, extensive studies of 
this type were not conducted. 
Numerous attempts were made to produce the OF free radical which 
has been proposed to be a very reactive intermediate in many chemical re-
actions. For example, kinetic studies have indicated that OF decomposes 
by way of the OF radical. Pyrolysis of OF on hot filaments of molybde-
num and nichrome that were conducted as part of this thesis did give some 
evidence for the evidence of the OF radical, but the evidence was not 
very conclusive*, Similar experiments with hot filaments of niobium, tan-
talum, platinum?, titanium, zirconium, and tungsten gave no evidence of 
formation of OF despite the fact that the very optimum mass spectrometric 
arrangement was employed, i.e.9 pyrolysis directly in the ionizing electron 
beam. In these experiments the OF molecule should have experienced only 
a single collision with the hot filament before analysis, permitting the 
xv i 
study of the very first decomposition products. However, only free 0 
atoms, 0 , and large amounts of F were detected, indicating that OF 
was decomposing directly to 0 and F on the hot metal surfaces. Other 
pyrolysis experiments with 0F 9 using tubular monel and alumina furnaces 
also gave no evidence for the formation of OF. In addition, no evidence 
for OF was obtained upon subjecting gaseous samples of OF , O-OF mix-
tures or 0 -F- mixtures to an electrodeless radio frequency discharge. 
The positive and negative ion spectra were obtained at every 
2°-3°K intervals from 77°-165°K for the products- of numerous O F sys-
thesis experiments using the cryogenic reactor-inlet system that was 
discussed above«, However, no unequivocal evidence was obtained for the 
existence of O F as a molecular entity in the vapor phase« The mass 
spectrum as a function of temperature indicated that relatively large 
amounts of 0F 9 and ozone were formed during the syntheses. It also con-
firmed that O F does decompose at 110°-120°K, forming O F as reported, 
but these data also indicated that at least small quantities of OF_ were 
formed during the decomposition, This last fact has not been reported 
previously* 
In view of the failure to detect the O^F molecule as a molecular 
entity, a systematic qualitative theoretical analysis was conducted, us-
ing the double quartet approach that was used earlier for O F , on the O F 
molecule as well as on most of the other molecules, radicals, and ions of 
oxygen and fluorine that seem possible (This analysis is presented in 
Appendix A ) u This analysis resulted in the conclusion that O F might 
well have a chain structure and have the basic electronic features of a 
XVI1 
loosely bonded O F and OF radical. This would indicate that O F would 
decompose readily into O^F and OF radicals which could react in turn 
along two different paths as follows; 
fasXo F9 + 2FO •
 sl-?w 20QF9 + 0Q 
2F0 »OF *i 2F0 ° + 2F0< " 
2 2 \ 
V _ ^ 0 F 2 + 0 2 
This mechanism would account for the formation of O^F^ and 0^, as well 
as OF as indicated by these mass spectrometric studies«, The above 
structure and mechanism for decomposition of 0„F~ also agrees with all 
available epr, nmr, and ir datac It is obvious that this is not the 
final word on the O F molecule. However, it is quite interesting that 
a qualitative theoretical analysis of this species predicts an> electronic 
structure that seems to agree with most of the available experimental 
dataB It will certainly be interesting to see if future studies of this 
unusual species support the structure and mechanism for decomposition 
that are proposed herein„ 
The theoretical analysis of a possible unsymmetrical isomer of 
dioxygen difluoride? O^rOF , indicated that it could possibly exist as 
a stable entity but that it probably would noto In any case, it would 
be expected to be much less stable than the chain isomer, FOOF, which de-
composes at about 200°Ko No evidence was obtained in this work for the 
existence of this unsymmetrical isomer0 
It would have been expected that at least small amounts of O F 
would have been produced in the O F synthesis experiments in this worko 
However, no evidence was obtained for its existence in the vapor phase„ 
XVI11 
There also was no evidence for the existence of the higher oxygen fluo-
rides, O F . and 0^9? which have just been reported as possible stable 
entities below about 90°Ko 
A large part of the results discussed in this thesis have been 
recently published,, The development of the energetics of the 0 F_ 
molecule and O F radical have been published in the Journal of Physical 
Chemistry in the December, 1965, and January, 1966, issues, respectively,, 
A detailed description of the cryogenic reactor-inlet system, developed 
for this work, is to be published in the April or May issue of Review 
of Scientific Instruments. 
1 
CHAPTER I 
INTRODUCTION TO THE PROBLEM 
Brief History and Purpose of the Studies 
The great increase of interest in recent years in the broad and 
exciting area of low temperature chemistry motivated the work that is 
presented in this thesiSo The initial objectives of the explorations of 
that little known realm of chemistry below about 150°K, which may well 
be called cryochemistry,, have been the development of equipment and tech-
niques for the synthesis and investigation of species that exist only at 
these extremes of environment» 
The purposes of the present work have been two-fold„ They ares 
(a) the development of a combination reactor and inlet system in which 
a mixture of very reactive chemical species can be synthesized, partially 
separated, and investigated at cryogenic temperatures with a time-of-
flight mass spectrometer, and (b) the synthesis and mass spectrometric 
investigation of the physical and chemical properties over a broad tem-
perature range of the known or pseudo-known oxygen fluorides OF., ̂ o^o> 
OF., and O F as well as the heretofore unobserved oxygen-fluorine free 
radicals, OF and 0 Fc These species were chosen for study since they con-
stitute a family of compounds that exist as stable entities, with the ex-
ception of OF , only so long as they are maintained at some very low 
temperature; they seem to exhibit very interesting, unusual, and hope-
fully useful properties? and very little is actually known about them* 
This particular family, as well as other instances of species exhibiting 
2 
this unusual cryogenic stability, have been discussed in a recent review 
by McGee and Martin. 
The only low temperature species of the oxygen fluoride family that 
has been studied previously in the vapor phase is Q^0° The microwave 
2 
spectra of O^F^ have been obtained by Jackson at dry ice temperature, but 
no unequivocal direct observations of the other low temperature oxygen 
fluorides have been reported«» For example O F is reported to be a blood 
red liquid at 90°K? but whether or not this red liquid is actually molecu-
lar Oo^o *s quite unknown̂ , Direct observations of these species are 
needed first to clarify their existence, and second, because of their 
significance in the study of cryochemistry„ Mass spectrometry offers a 
possible means for the unambiguous observation of these molecules as well 
as a means to study their synthesis, their stability, their chemistry, 
and their energetics. Because of their unusual thermal instability at 
cryogenic temperatures? absolute temperature control is imperative at all 
times, and hence new equipment and procedures had to be developed0 
The coupling of a mass spectrometer to a cryogenic chemical system 
is a new technique that is being developed at this Institute, and some of 
the early development of a thermal gradient, cryogenic inlet system has 
3 
been briefly discussed by Martin. This thesis discusses the design, de-
velopment, and operation of a combination discharge tube reactor and 
cryogenic inlet system that encompasses the basic features of the inlet 
system discussed by Martin. Calculations were made to determine the opti-
mum design and ultimate sensitivity of an inlet system of the general de-
sign described in this worko These calculations are discussed in detail 
in Appendix B and are summarized in Chapter II. 
3 
The actual investigations of the reported oxygen fluorides were 
conducted with the major emphasis on the low temperature oxygen fluorides, 
O F and 0 F „ However, numerous experiments were performed in an effort 
to synthesize and investigate the OF and OF free radicals as free species in the 
vapor phases There has been considerable interest in isolating these 
species in order to prove the existence of oxygen-fluorine free radicals 
and to study their physical and chemical properties since it is believed 
that they might be extremely reactive and energetic even at low tempera-
tures o No attempt was made in this work to prepare these radicals as free 
species in the liquid or solid state. 
Most of the above objectives were completed with a great deal of 
success while a few of the experiments led to inconclusive results*, This 
work was supported in part by the National Aeronautics and Space Adminis-
tration through its grants NsG-123-61j, NsG-337, and NsG-657 which were 
concerned, in part, with the preparation and investigation of highly en-
dothermic compounds at cryogenic temperatures for possible use as pro-
pellents or as special purpose propellant additives such as hypergolic 
sensitizers or gelling agents*, 
Oxygen Fluoride Molecules 
The low temperature oxygen fluorides are considered as possibly 
the most powerful oxidizers known and as a result have received consider-
able attention as rocket propellant oxidizers and oxidizer additives as 
well as reagents for chemical synthesis at cryogenic temperatures. A re-
4 
cent review by Streng discusses the preparative techniques and summa-
rizes the known physical and chemical properties of the four reported 
oxygen fluorides OF , 09F , 0 F0, and 0 F9o Since that review is fairly 
4 
complete for the investigations reported before 1963, only the most 
pertinent properties of these species will be discussed here, and empha-
sis will be placed on the more recent information that has appeared 
since 1963c 
Oxygen Difluoride (OF ) 
The first success in combining fluorine with oxygen was reported 
5 
in 1927j, by Lebeau and DamienSc It is interesting to note that they 
first observed the formation of oxygen difluoride, OF_, while attempting 
to purify fluorine gas by bubbling it through a caustic soda solution. 
This reaction is generally employed now for the commercial preparation 
of this compound. This species is a stable, colorless gas at room tem-
perature and is a yellow liquid below 128°K(nbp). Chemically, oxygen di-
fluoride is a powerful oxidizer,, but its reactivity is considered to be 
lower than that of fluorine. 
The stability of OF at ordinary temperatures has permitted exten-
sive investigations of both its physical and chemical propertieSo Hence, 
very little emphasis was placed on its study in this work. However, it 
was used as the parent species in numerous attempts to detect the OF radi-
cal by pyrolysis and radio frequency discharge techniques. Previous in-
formation about OF^ that was particularly pertinent to these investiga-
tions were the mass spectrometric studies performed by Dibeler, Reese, 
and Franklin which will be discussed in some detail in Chapter III and 
is summarized in Appendix C0 
5 
Dioxygen Difluoride (02F ) 
The formation of dioxygen difluoride, O-̂ F̂ , was first achieved by 
T 8 
Ruff and Menzel ' in 1933, who subjected a gaseous mixture of 0 and F~ 
to an electric discharge at a low pressure (10-20 torr) and at liquid air 
temperature. At the present time, dioxygen difluoride is prepared di-
rectly from the elements in essentially the same manner by utilizing an 
electrical discharge as has been discussed in detail by Kirshenbaum and 
9 
Grosseo Different reaction systems and techniques for the synthesis of 
the oxygen fluorides have been discussed in some detail by several in-
vestigatorso ' Some of these systems, as well as a rather unique 
method developed during this work, will be discussed in some detail in 
Chapter II of this thesis* 
Dioxygen difluoride is an orange-yellow solid, melting at 109o7°K 
to an orange-red liquid0 It decomposes quite rapidly into 0- and F at 
temperatures close to its normal, boiling point of 216°K, but it can be 
stored for a long period of time in darkness in pyrex glass cylinders 
4 
cooled to 93°Ko It is an endothermic compound with a heat of formation 
from the elements of 4„7 Kcal/mole0 
Dioxygen difluoride was the object of extensive investigation in 
this work* This species had not previously been studied mass spectro-
metrically, its vapor phase had not been investigated below dry ice tem-
peratures nor during its thermal decomposition, and the energetics of the 
molecule were unknown„ It was a particularly interesting species in that 
early kinetic data seemed to indicate a branched structure, 0=r0F^o 
2 
However, more recent microwave spectra reported by Jackson showed that 
it is a nonplanar, symmetric chain molecule very similar to the hydrogen 
6 
peroxide molecule except that it has extraordinarily long 0-F bonds of 
lo58 A and a surprisingly short 0-0 bond of 1022 A which is essentially 
o 
equal to the bond length of the 0~ molecule of 1„21 A» 
Evidence for similar effects in other analogous compounds has been 
13 
reported in the literature0 Hirota observed by electron diffraction 
that the S-S bond length in both S^Cl- and SJBr^ is shorter than is usu-
ally found for a singly-bonded S-S link and that the S-Cl bond in S_C1_ 
14 
is longer than that found in SC19» In a similar study of N^F , Bauer 
found the N-F bond to be longer than expected for a normal single bond*, 
15 
Very recent work with the disulfur difluoride compounds has shown that 
the S-S bond in the chain isomer, FSSF, is essentially double bond in 
character and is relatively short compared to the S-S bond in HSSH. 
If the microwave data of Jackson are correct, it would be expected 
that the 0-F bonds of FOOF would be very weak whereas the 0-0 bond would 
probably be nearly as strong as the double bond of molecular oxygen. From 
the energy measurements on O^F that were made and reported in this work 
it was shown that this is indeed the case* These are very exciting and 
significant results in that they represent the first successful mass spec-
trometric investigations of a species that is known to exist as a stable 
entity only at cryogenic temperatures. 
The fact that the 0-0 bond length in O F is very similar to that 
found for the oxygen molecule indicates that there must be some multiple 
bonding between the two atoms and that a singly-bonded covalent chain, 
which explains the structure of H_0-9 is not sufficient to describe 0_F_. r- 2 2' 2 2 
2 
Using the valence bond description Jackson stated that consider-
___ + 
able contributions from ionic structures of the type F 0 — 0 F would 
7 
lead to a shortening of the 0-0 bond and a lengthing of the 0-F bond. 
The large contribution from doubly-bonded resonance structures for O F 
would also account for the fact that it has a very high barrier for in-
ternal rotation0 
In Jackson's paper an alternative explanation for the unusual 
structure of O F . was proposed by Libscomb using a molecular orbital 
description* He proposed that an antibonding n-molecular orbital of the 
0 molecule, say %y*2p forms a bond with the 2py-orbital of the fluorine 
to give an electron pair in a three-center orbital. A similar situation 
would exist for the itz*2p-orbital and the second fluorine atom. 
Libscomb pointed out that the three-center bond would also account quali-
tatively for the fact that the barrier to internal rotation in O^F is 
considerably higher than that reported for HO.. 
16 
Linnett has also proposed an explanation for the unusual struc-
ture of 0̂ F_ using the double quartet modification of the octet ruleQ 
No attempt will be made in this work to present the ideas and arguments 
proposed by Linnett, but a very detailed presentation of the formal argu-
ments and justification for the double quartet modification'of the octet 
17 
rule has been published recentlyQ This approach will be used rather 
extensively in Appendix A for describing the electronic structures of the 
reported oxygen fluorides, as well as unreported molecules, radicals, and 
ions of oxygen and fluorine. It is of interest to note that this rather 
new approach of describing the electronic structures of molecules has 
18 
been hailed by J. 00 Hirschfelder as one of the most recent major ad-
vances in quantum mechanics„ 
Using this approach, Linnett showed that there are probably several 
8 
electronic configurations that contribute to the overall structure of 
0-F^ (see Appendix A), but the configurations that are probably the larg-
est contributors are given by 
—;F • 0-4-0 . F — and — F 1 O r O • F*— 
I I I I I I I I 
(A) (B) 
where the solid dots represent electrons of one spin and the deltas 
represent electrons of the opposite spin* The lines represent pairs of 
electrons of opposite spin that are not considered close pair electrons 
(i.e., they do not occupy the same spatial orbital). The above elec-
tronic structures proposed by Linnett for 0-F_ indicate that the 0-F 
bonds would correspond to single electron bonds and would account for 
their unusually long lengths*, Also, the indicated four electron 0-0 bond 
would account for the very short 0-0 bond length- Linnett further pointed out 
that configuration (B) would have a minimum interelectronic repulsion 
energy when the two OOF planes have an interplane angle of 90° which is 
essentially the actual value (8705°) determined from the microwave stu-
dies of Jackson* A twisting of these planes from 90° would bring the two 
electrons of one spin in the 0-0 bond close to each other and would re-
sult in a higher energy. This idea would also account for the high bar-
rier for internal rotation that was observed by Jackson.. 
The facts that two isomers of disulfur difluoride, FSSF and SnrSF_, 
have been observed and that kinetic data on 0 F„ led some investigators 
to believe that it had a branched rather than chain structure, generated 
an interest in considering the possible existence of two isomers of this 
species as part of this thesiSo Jackson's microwave work represented a 
9 
study of the vapor phase of the species at dry ice temperature (-78°C) 
while most of the chemical studies were conducted at much lower tempera-
tures, with the O F . as a liquid or solid« This seemed to suggest the 
possibility that a branched isomer, OiznOF , might exist at lower temper-
atures which might not have been detected at the relatively high temper-
ature of Jackson's workc 
A theoretical analysis of a branched isomer of this compound, us-
ing the double quartet modification of the octet rule approach, was 
conducted before the initiation of the experimental work for this thesis, 
in order to see if it would indicate any strong conclusions concerning 
the existence or nonexistence of this species„ Using the criteria pro-
17 
posed by Linnett , it was decided that the following two electronic con-
figurations 
-0 — 0 — and — 0 = 0 — 
• ' • » i * F / 
(C) (D) 
could possibly give a stable structure, but that it would be of relatively 
high energy in that it has a somewhat unfavorable formal charge distri-
bution „ However, it can be shown (see Appendix A) that this charge dis-
tribution is essentially the same as that of ozone which is known to be 
19 
reasonably stable. Hence, it was proposed that this unreported unsym-
metrical isomer of O F might possibly exist at relatively low temperatures, 
but that it would definitely be much less stable than the chain isomer, 
10 
FOOFo No evidence for the existence of this unsymmetrical isomer was ob-
tained in this work as will be shown in Chapter III. However, Arkell 
has made the interesting observation by infrared techniques that OF was 
formed during the photolysis of F_ in an 0^ matrix at 4°K0 He suggested 






which could rearrange in only two ways, due to the restriction of the 
matrix, giving either OJF^ or OF + 0o It seems quite possible that the 
formation of the OF could involve the formation of the unsymmetrical 
isomer, O^^OF , as an intermediate• Using the double quartet arguments 
for the hydrogen peroxide molecule result in the immediate conclusion 
that a branched isomer of that compound definitely would not exist, and 
such an isomer has never been observed experimentally,. In addition, 
these arguments do predict that both isomers of disulfur difluoride, 
FSSF and SzzzSF , would exist, and they have both been observed experi-
15 
mentallyc However, it should be pointed out that it is not obvious that 
the arguments of the double quartet model are valid for the case of sul-
fur compounds in which the valence shell is not restricted to eight elec-
trons «, 
Ozone Difluoride (OF ) 
20 
Ozone difluoride, O F , was first prepared by Aoyama and Sakuraba 
in 1938 when they subjected a 3:2 gaseous mixture of oxygen and fluorine 
11 
near 15 torr to an electrical discharge in a reactor maintained at liquid 
air temperature„ The same investigators showed also that 0.F- is formed 
by the action of ultraviolet light on a liquid mixture of oxygen and flu-
21 
Tine, For many years the claims of these Japanese scientists were not 
accepted for standard reference books or were regarded with skepticism. 
This lack of acceptance of their results was due to the fact that they 
did not give a quantitative analysis of their product. However, their 
9 
results were generally accepted after Kirshenbaum and Grosse prepared 
this species in 1958 by using the same techniques and investigated many 
of its physical and chemical properties^ 
Ozone difluoride is a dark red, viscous liquid at 90°K which makes 
it possible to easily distinguish it from O F . which is an orange solid 
at this temperaturec It is an endothermic compound and has been reported 
to decompose quantitatively, with heat evolution of 2c0 Kcal/mole, at 
11 12 
about 115°K, according to the equation * 
2 °3F2 - °2 + 2 °2F2 ( 1 ) 
11 22 
Kirshenbaum and Solomon have reported that OJF. can be distilled in 
the range of 96°-114°K at a pressure of 0.1 to 1„5 torr with only slight 
decomposition and can be refluxed at 116°K0 These are very important facts 
in that it is necessary for a species to be distillable so that it can be 
transferred through the cryogenic mass spectrometer inlet system that was 
used in this worko 
Ozone difluoride is considered as probably the most potent oxidi-
zer known, but it is actually safer to handle than ozone0 A somewhat un-
usual property that it exhibits is that when added to liquid oxygen to 
12 
its saturation concentration of about 0ol mole per cent the resulting so-
lution is hypergolic toward liquid hydrogen and low molecular weight 
hydrocarbonso Numerous tests with these 0.-OF. solutions have shown 
that it is hypergolic with most of the fuels used as rocket propellantSo 
Similar tests indicate that at least a 35 per cent solution of fluorine 
23 
in liquid oxygen is required to get hypergolic ignition with hydrogen* 
The 0.1 per cent O F solution would definitely be more desirable since 
it has essentially the same physical properties as pure oxygen and is 
much safer to handle than the fluorine solutions This unusual hypergolic 
effect of the 0 -OF solutions would permit the construction of rocket 
engines without ignition systems and would be of particular advantage in 
propulsion systems which must be shut off and restarted during flight» 
These properties of O F show that cryochemical substances need not be 
relegated to the class of interesting but useless oddities but that they 
may be of wide practical importance« 
The necessity of maintaining O F at temperatures below 115°K for 
its investigation has considerably hindered its study* The fact that it 
has never been directly observed has prevented the unequivocal determi-
nation that molecular O F actually exists„ Its composition has been 
determined only by thermally decomposing it and measuring the ratio of 
oxygen and fluorine that is formed„ 
Nuclear magnetic resonance studies of O F , ^J^nt and O F -OF 
24 
mixtures have been performed by Solomon0 These results are quite inter-
19 
esting in that only a single F " signal was obtained for the pure species 
# 
The Air Reduction Company was awarded an Air Force contract for the 
production of O F to be used as a liquid oxygen additive, 
13 
as well as for the mixtures. The signal from O F w a s a^ a different fre-
quency than that from O F , but it did not decrease in intensity as the 
sample of O F w a s heated, even though this heating did result in the de-
composition of O F into O F and 0_o Instead, the signal simply shifted 
its position toward that of pure 0 F 0 At no time during the decomposi-
tion were two different signals characteristic of pure O F and O F ob-
served simultaneously* A possible explanation for this observation is 
discussed in Chapter IIIo 
25 
In infrared studies of the products formed during the photolysis 
18 16 
of 0 F in an 0^ matrix at 4°K, the interesting observation was made 
that the 0 F^ concentration decreased and 0 F was formed* The follow-
ing exchange mechanism 
018Fo + ol
6 * F018016016F - 016Fo + 0
16018 (2) 
2 2 2 
involving O F was suggested as a possible explanation of the disappear-
18 18 
ance of the 0 atom in 0 F „ This proposed mechanism is quite interes-
ting in that it will be shown in Chapter III to agree with the mechanism 
that is proposed in this thesis for the decomposition of 0_F „ 
26 
Solomon has recently studied the reactions of O F and OF with SO 
On the basis of an analysis of the products of these reactions he has 
stated that O F appears to be a better source of O F than is O F 0 This 
conclusion is supported by epr studies, which will be discussed later, 
which indicate a much greater concentration of the 0_F radical in O F 
than in O F . 
Ozone difluoride was a particularly interesting species to inves-
tigate for this thesis in view of the considerable controversy as to 
14 
whether it actually exists as molecular 0 F0, Some investigators be-
lieve that it may well be an equilibrium mixture of lower molecular 
weight species such as possibly CLF and OF or 2 O^F and O^F „ The mass 
spectrometric investigation of this species with a cryogenic inlet sys-
tem, which is described in Chapter II, was the first attempt to detect 
it directly in the vapor phase. It is believed that these studies re-
present a significant contribution to the elucidation of this complex 
problem concerning the existence, structure? and reactivity over a fairly 
broad temperature range of this unusual species. 
Tetraoxygen Difluoride (0 F j 
Another member of the oxygen fluoride family, tetraoxygen difluo-
ride? 0 F 9 was first synthesized by Grosse, Kirshenbaum and Streng in 
1961o * Very little is actually known about this species0 At 77°K, 
it is a reddish brown solid9 but it differs in color from 0 F_ and some-
J 3 2 
times forms clusters of long needle-like crystals., It melts at 82° jH 2°K 
and is stable at least for a few hours at 90°K where it has a vapor pres-
27 sure of less than 1„0 torrc It has been reported that between 90°K and 
110°K it decomposes slowly to form O^F« and 0 , with the former yielding 
O F and 0 at temperatures above 115°K0 Since O F in turn decomposes 
to 0 and F at about 200°K, all the O F is supposedly decomposed fin-
ally into 0_ and F^ gas at room temperature„ 
The only determination of the composition of O F was made by 
warming the species to room temperature and measuring the ratio of the 
0_ and F formed. Several tests have been made to dispel earlier beliefs 
that the species was OF or OF with trapped 0^ or a mixture of 0 + 
3 0 F c Further evidence J that O F and O F . are definitely 
15 
different species is the fact that the molar extinction coefficients of 
0 , OF , O F , O F , and O F are greatly different a Still further evi-
o Z Z Z o Z 4 z 
dence is given by the electron paramagnetic resonance studies of these 
species which will be discussed in the next section of this chapter0 
25 
Arkell has used infrared spectroscopy to study the products 
formed upon warming a solid matrix containing O F radicals9 He reported 
the formation of O F * due to dimerization of O F radicals and assigned 
bands at 588 and 1519 cm to the O-F and 0-0 stretching fundamentals, 
respectively, in O F 0 He pointed out that these bands are unusually 
close to the respective absorptions in O F , which will be discussed later, 
and indicates that the structural character of O F is maintained in the 
O F molecule. That is$ the dimerization of O F is not accompanied by 
gross physical change in the 0_F moiety., This is very analogous to the 
31 
0-0 system discussed by Pauling in which he state® that 0 "consists 
of two 0 molecules, with nearly the same configuration and structure as 
when free, held together by bonds much weaker than ordinary covalent bonds a" 
Assuming that the O F species is analogous to this, it would correspond 
to two 0_F radicals joined by a very weak 0-0 bond and could dissociate 
very easily with heating which would account for its thermal instability., 
This is directly analogous to the isoeleetronie N F -NF system in which 
N F dissociates into NF^ with heatingc 
From a comparison of calculated 0-0 and O-F stretching force con-
stants for O^F^, Arkell concluded that the 0--0 bonds in this species are 
4 2 
essentially double bond in character while the O-F bonds are very weako 
This indicates considerable contribution from ionic forms of this species 
2 
in a manner similar to that suggested by Jackson for 0 F ° The 
16 
corresponding ionic forms would be 
F — o — 0 — o"=0 F~ ̂  F" 0 = 0 " ^ — 0 — 0 — F (3) 
for O.F e This thesis suggests an alternative explanation for the 0-0 
double bond character and weak 0-F bonds in this species from an appli-
cation of the double quartet description. This development is discussed 
in detail in Appendix A. 
During the period that the work for this thesis was being con-
32 ducted, Nielsen investigated the reaction products resulting from the 
irradiation of OF^ at 770K. He employed a mass spectrometer similar to 
that used in these experiments and supposedly observed and identified 
OF as well as OF and OF as reaction product sc However, the ions attri-
buted to 0„F and O^F^ were never observed below 130°K in his experiments, 
3 2 4 2 
and in some cases these species were not observed until the temperature 
was greater than 200°K„ Since OF has a vapor pressure greater than 
loO torr at 112°K it should have certainly been observed at this much 
lower temperature„ Regardless of this fact, it is well known that both 
of these compounds decompose very rapidly at temperatures (105° - 120°K) 
much lower than those reported by Nielson (130° - 211°K)e In view of the 
above, as well as the fact that no cooled sample delivery system was used, 
but rather the gaseous species were transported from a reservoir at cryo-
genic temperatures into the spectrometer through a small tube at room 
temperature, it seems impossible for his reported identification of 
OF and OF to be reliable0 It will be shown rather conclusively in 
Chapter III that the ions Nielson attributed to OF and OF. were proba-
bly impurities in the feed gas or small amounts of impurity species 
17 
formed during the irradiation of the OF_ samples„ 
Higher Oxygen Fluorides 
The existence of higher oxygen fluorides, O F and O F , was 
27 postulated in 1961 by Streng, et al». These investigators have just 
33 reported having prepared these species by subjecting stoichiometric 
mixtures of oxygen and fluorine to an electrical discharge at 60°K and 
at pressures of 0.5-8.0 torr0 Their main characterization of the species 
was the determination of their empirical formulas. That is, they de-
composed the species to 0 and F and determined the 0_:F ratio„ In-
frared analysis of the species indicated that no 0- or OF. was formed 
during the syntheses, and they pointed out that the only possible oxygen 
compound that could falsify their analysis was ozone* The fact that no 
ozone or OF^ was detected in O F or O F is quite surprising in that 
several studies, including the mass spectrometric studies of this the-
sis, have shown that both of these species, OF and 0 , are formed in the 
syntheses of O F and O F , Streng, et al. also reported that attempts 
to make still higher oxygen fluorides than O F . resulted in the formation 
of only known oxygen fluorides and ozone*, It seems strange, indeed, 
that ozone would be formed in the syntheses of the lower oxygen fluo-
rides and attempts to synthesize still higher oxygen fluorides, whereas 
in the syntheses of O F and O F none would be formed. In addition, 
they stated that the O^F^ species decomposed at 90°K forming lower oxy-
gen fluorides and ozone. In view of these strange results and the lack 
of more unequivocal evidence than just their empirical formulas, it seems 
that the claim for the existence of 0_F_ and 0 F0 as molecular entities 
3 z. 6 ^ 
should not be considered conclusive*, 
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From the discussions to this point it is obvious that there were 
very important questions that needed to be answered regarding the struc-
ture, energetics, physical properties, and chemical reactivity of the re-
ported oxygen fluorides0 The existence or non-existence of O F . and 
O F as stable entities is of primary importance and definitely points 
out the need for equipment and techniques to directly observe and inves-
tigate these species. 
Electron Paramagnetic Resonance of the Reported Oxygen Fluorides 
The electron paramagnetic resonance studies of the low temperature 
oxygen fluorides are of particular interest in that they represent a rela-
tively extensive investigation of these species in the liquid and solid 
states. However, these studies still did not permit their direct obser-
34 
vation as true chemical compounds. Maguire reported that epr studies 
indicated that Oq^o w a s paramagnetic while O^F^ was note Much more ex-
tensive epr studies have been performed very recently on the four known 
OR OK. 
oxygen fluorides by Kirshenbaum, et ale (cf„ Kasai and Kirshenbaum ). 
The following discussion summarizes the results obtained in those studies, 
Oxygen Difluoride (OF ) 
# 
Samples of OF were studied at 77°K and were found to be diamag-
netic, as expected. However, a weak signal was observed which could 
-7 
correspond to 6 x 10 mole per cent of the OF being paramagnetic, but 
it was believed that the signal was due to an impurity*, 
The OF2 gas was a specialty product obtained from the Baton Rouge 
Development Laboratory, General Chemical Division, Allied Chemical 
Corporation. 
19 
Dioxygen Difluoride (0_F ) 
Pure 0 F as well as 3 volume per cent solutions of 0 9
F
9 in the 
diamagnetic solvent CC1F- (Freon 13) were studied* In either cases a 
strong, well-resolved signal was obtainedc Maintaining the pure sample 
at 195°K for various lengths of time (10 minutes to 4 hours) resulted 
initially in the increase of the signal and eventually in the decrease 
of the signal*. At any stage, if the sample was quenched back to 77°K 
and maintained at that temperature, no further change in the signal in-
tensity was observed*, Therefore, it was concluded that the signal was 
not due to 0 F itself nor to its final decomposition products, 0 and 
F , but was probably due to intermediate radicals formed in the sequence 
of decompositiono Depending on the thermal treatment of the OJr,-, the 
amount of the paramagnetic species observed amounted to 0*05 to 0c5 mole 
per cent of the original sample, 
The epr data were interpreted as implying that the paramagnetic 
species had an unpaired electron experiencing a hyperfine interaction 
with only one fluorine nucleus<, In view of the reportedly very short 
0-0 bond and very long 0-F bonds in O^F^, it was concluded that the para-
magnetic species was due to the 0_F free radical rather than the OF radi-
cals The bond strengths of the O F molecule and the O F free radical 
that were determined as part of this thesis would certainly substantiate 
this conclusion* 
A weak signal was observed which was attributed to another uniden-
tified free radical whose intensity varied from sample to sample inde-
pendent of the remainder of the epr pattern* Another weak signal was 
observed at half magnetic field strength and was interpreted as implying 
20 
the existence of a species in the triplet state. The intensity of this 
signal remained unchanged when the principal signal, here attributed to 
OF, increased after a heat treatment, and it was demonstrated that the 
origin of the triplet signal was independent of OF. 
Ozone Difluoride ( O F ) 
Pure O F was found to be too strongly paramagnetic to obtain a 
resolved epr spectrum. When dilute solutions (0.2-0.4 vol. per cent) 
of O F . in diamagnetic CC1F (Freon 13) were used, the epr spectra were 
identical, except for increased line width, with those observed with 
0 F_0 The concentration of the free radical in pure O F was estimated 
to be 5-10 mole per cent, i.ec, 50 to 100 times as great as the radical 
concentration in pure 0 F ° 
Since the same signal was obtained for both O^F and O ^ O J "the 
possibility that the O F . samples were contaminated with small amounts 
of 0_F_ had to be consideredc Some of the O^F- samples studied at 77°K 3 2 2 2 r 
were held at 195°K for several hours and their epr spectra were subse-
quently re-examined. If the O F signal was due to Oq^o a s a contaminant, 
it would have decreased in intensity since O F decomposes to O F and 
o 2. £.2. 
O at 115°K, but instead the signal increased«, Hence, the possibility 
that the presence of O F . as an impurity could have been responsible for 
the epr spectrum of O F was discarded. 
A broad resonance at half-field for pure O F was again inter-
preted to indicate a species in the triplet state. That signal was twice 
as strong as that observed with pure O F and was found to also be inde-
pendent of the principal signal. 
The free radical present in O F was considered to be due to the 
21 
O F free radical which was present as a result of either a decomposition 
36 
reaction or a thermal equilibrium of the form, 
2(03F2) * 02F2 + 2(02F) (4) 
The intensity of the electron spin resonance signal of a solution contain-
ing one volume per cent of O F and one volume per cent of O F in Freon 
13 as a solvent was compared with that of a similar solution but contain-
ing one volume per cent of 0-F alone* If the equilibrium reaction above 
was responsible for the OF, the intensity of the former solution should 
be weaker than that of the latter by a factor of 2-3. Instead, it was 
stronger. Thus, it was concluded that the decomposition reaction charac-
terized above was probably responsible for the abundant O F radical in 
°3F2' 
37 
Neumayr and Vanderkooi have obtained evidence that supports this 
35 
work of Kirshenbaum, et al, They conducted epr studies on the ultra-
violet decomposition products of FSO OOF and related compounds in a CFC1« 
matrix at 77° - 163°K0 The irradiation of FSO_OOF as a pure solid and in 
the CFC1 matrix gave rise to the same radicals, that is, O F and FSO „ 
They stated that the O F radical was relatively long-lived at 83°K and 
gave a spectrum at 93°K that was identical with the one obtained by 
Kirshenbaum, et al. by decomposition of O F and O F . They also showed 
that the source of their signal, presumably the O F radical, could only 
be obtained from the decomposition of FSO OOF, O F , or OJF but not 
from FSO 00S0 F, FSO OF, or OF . 
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Tetraoxygen Difluoride (0aFQ) 
The epr spectrum of solutions of 0.2 mole per cent of OJ^ ^n the 
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diamagnetic solvent carbon tetrachloride, CF , at 77°K were obtained» 
The spectrum from O F was different from that obtained for O F and 0oFo> 
and hence it was concluded that O F was not present in solutions of 04
F-p° 
The intensity of the strong signal from these dilute solutions indicated 
that the mole per cent of the paramagnetic species in O F was 10 per 
cent or higher„ 
Oxygen-Fluorine Free Radicals 
The existence of oxygen-fluorine free radicals has been a ques-
tion of interest since the early 1930's. There has been a surge of 
interest in these oxygen-fluorine radicals in the past few years as 
possible rocket propellant oxidizers since it is apparent that they will 
be extremely reactive and energetic species. The following discussion 
summarizes the experimental evidence for the existence of the OF and 0_F 
radicals, the very limited energetic data on them, and their proposed 
electronic structures» 
OF Radical 
Direct evidence for the existence of the oxyhalide diatomic radi-
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cals 0C1, OBr, and 01 has been obtained from flame emission spectra, ' 
40 41 
and from flash photolysis coupled with ultraviolet absorption spectra. ' 
However, similar attempts to detect the OF radical spectroscopically from 
the flash photolysis of anO-F mixture have failed even though simultan-
eous recording of the ultraviolet absorption spectra was employed. Ruff 
7 8 and Menzel ' claimed that they had synthesized the OF radical by pyrolysis 
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of O F which in turn decomposed with further heating to 0^ and F^. 
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Frish and Schumacher * ' later refuted these claims after performing 
numerous experiments which indicated that only 0 and F were formed from 
the pyrolysis and that there was no basis for assuming the existence of 
the OF radical. 
Shumacher and co-workers have investigated the photolysis and 
pyrolysis of OF^ and have concluded that the mechanism for decomposition 
of OF under these conditions involves a short-lived OF radical inter-
45 46 
mediate. For example, from the photolysis experiments * it was 
concluded that the following mechanism agreed with the kinetic data. 
F2° + hv(365n^) - F + 0 F 
F + F + M -> F + M 




The pyrolysis of 0F_ in quartz, glass, and magnesium vessels was studied 
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by Koblitz and Schumacher > at 250°, 260° and 270°C, and an activation 
energy of 40.6,+ 3 Kcal/mole was deduced for the decomposition process. 
The kinetic data and quantum yield calculated for these experiments indi-
cated the formation of OF as an intermediate, but there was no direct 
detection of the radical. 
A very recent mass spectrometric study of the thermal decomposi-
49 
tion of OF was performed by Dauerman, Salser, and Tajima. The pyroly-
sis was studied under flow conditions in a nickel furnace in the presence 
of excess helium and at temperatures in the 600°-800°C range. No evidence 
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for the presence of OF was obtained„ Instead, the only products reported 
were 0 atoms, 0^ F atoms, and F e A critical energy, presumably D(F-OF), 
for the decomposition was calculated to be 40o5 .+ 4 Kcal/mole0 A major 
shortcoming of these experiments was that the exit of the furnace was 
approximately 1»9 cm from the ionizing electron beam, The possible 
consequences of such an arrangement will be discussed in Chapter III 
where the results of the mass spectrometric studies of the pyrolysis of 
OF. and O F , which were studied as part of this thesis research, will 
be discussed,. 
Kinetic data for numerous reactions have indicated the existence 
of the OF radical as an intermediate* For instance, the primary decom-
position process for the thermal decomposition of fluorine nitrate, 
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NO F, has been proposed to be 
NO.F _ NO + OF (8) 
followed by 
N02 + N°3F ~* N°2F + N03 ^ 
and 
N03 + OF - tyO F + 0 2 (10) 
the final decomposition products being NO F and 0 . The rate determining 
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step for the overall reaction of OF and NO has been concluded to be 
N0o + OF. -> NOJF + OF (ll) 
2 2 2 
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It has also been proposed that the photochemical reaction between fluo-
52 
rine atoms and ozone? as well as the thermal reaction of OF and tetr< 
53 
fluorohydrazine, N9̂ 4.
y occur with the formation of the OF radical as 
an intermediate,, One of the most convincing pieces of evidence for the 
existence of OF was obtained from the photochemical reaction of OF with 
sulfur trioxide, 
hv II 
OF + SO - F - S - OOF (12) 
365 mp. jj 
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It has been argued ' that this reaction must proceed by way of the OF 
free radical* 
The first direct evidence for the existence of OF was obtained by 
Arkell, Reinhard, and Larson using matrix isolation and infrared spec-
troscopy* In their experiments OF,. was photolyzed in a nitrogen or argon 
matrix at 4°Ko Infrared absorptions of 1028*5 cm in argon and 1025*5 
-1 
and 1030*5 cm in N^ were proposed to correspond to the fundamental fre-
quencies of the OF radicalo The appearance of the OF radical as a doub-
let in N and a single absorption in argon was discussed in terms of the 
most probable causes of multiplets—aggregation, rotation, and multiple 
sites. It was estimated that a trapped radical concentration of about 
0.6 per cent of the total material in the matrix was obtained. Upon 
warming of the matrix to 40°-45°K (depending on whether N,~ or A: was the 
matrix), the bands attributed to OF disappeared. It was reported that 
in some of the experiments the OF absorption increased upon disappear-
ance of these bands, while in others formation of only small amounts of 
O F were observed upon warming„ 
v>* 
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One of the most interesting points discussed by Arkell, et al.« 
concerned the position of the OF radical absorption with respect to the 
other known OF stretching fundamentals. The absorption of 1028 cm 
that was attributed to the OF radical in an argon matrix is the highest 
0-F stretching frequency of all 0-F containing compounds, including OF 0 
They stated that this would correspond to a bond energy higher than the 
average bond energy in OF and that it may be as high as several pre-
; 47 49 
viously estimated values of 45-56 Kcal/mole from pyrolysis studies ' 
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and from theoretical correlations. } However, it should be pointed 
out that this does not agree with a value of 25 Kcal/mole for the bond 
energy obtained by Dibeler, et al», from electron inpact studies of OF^, 
which will be shown to be in excellent agreement with electron impact 
data on O^F obtained as part of this thesis research. In addition, it 
will be shown that the high value for D(O-F) is not consistent with micro-
wave, thermochemical, or kinetic data on 09
F
9« 
The ionization potential of 13*0 + 0,2 ev for the OF radical was 
obtained indirectly from electron impact studies on OF . This value is 
somewhat higher than the value of 12*2 ev estimated by Price, Passmore, 
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and Roessler by interpolation from isoelectronic similarity curves of 
radicals and ions0 Obviously, a direct measurement of the ionization 
potential of the OF radical is highly desirable in that it would permit 
the calculation of the OF bond energy which has been the subject of much 
discussion and controversy. 
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Very recent epr work by Neumayr and Vanderkooi has shown that 
uv irradiation of both pure liquid OF at 77°K and OF in a CFC1- matrix 
give the same resolved isotropic doublet due to a paramagnetic species* 
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This species was relatively unstable at 89°K, undergoing a 70 per cent 
decomposition in 19 minutes in the CFC1 matrix. They stated that ob-
servations of the stability, concentration, and temperature effects ob-
served with pure liquid OF and with OF in a matrix indicated that the 
epr spectrum could arise from either the OF radical or from a fairly un-
stable paramagnetic molecule. They also reported that gas phase epr 
studies of OF gave evidence for the existence of the OF radical, but 
that the evidence was not very conclusive. 
The failure to detect the OF radical as a free species in the 
vapor phase, despite numerous attempts to do so, is obviously due to its 
instability and/or extreme chemical reactivity„ The low dissociation 
energy for OF of 25 Kcal/mole reported by Dibeler, et aL and supported 
by new data given in this thesis would indicate that the species might 
well be relatively unstable0 However, as discussed above, this low bond 
energy does not agree with estimates made from either theoretical argu-
.57,58 . . .,„ 47,49 . , , . ,. 56 ments, ' pyrolysis studies, ' or infrared studies* 
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Green and Linnett have discussed the relative chemical stabili-
ties of OF and NO from a theoretical viewpoint. Since NO is observed at 
room temperature, even though it is thermodynamically unstable, and OF 
has not been detected, they suggested that a reaction path is open to 
OF over which NO cannot pass. They proposed a four-center mechanism (see 
Appendix A) by which 20F could readily form 0 + F and showed that a 
similar mechanism for the reaction of NO to N~ + 0 was not likely. 
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Linnett has also shown that 20F would be unstable relative to 0 + F^ 
using the arguments of the double quartet model. 
The fact that HO , which is isoelectronic with OF, has been 
28 
59 Identified, has also been discussed by Green and Linnett* They stated 
that HO is fairly readily "reflected" by glass surfaces while fluorine 
compounds such as F_ and HF attack glass. A similar behavior of OF would 
make it much more difficult to detect than HO using glassware, for it 
would be destroyed at the wall of the reaction vessel. The effect of 
various reactor materials (quartz, numerous metals, and alumina) on the 
decomposition of OF were investigated in this thesis, 
It is obvious from the above discussions that the existence and 
properties of the OF radical have been the subject of much investigation 
and controversy since the initial claim of its preparation by Ruff and 
7 
Menzel in 1933« The failure of previous investigators to detect this 
species In the vapor phase, despite the abundant indirect evidence for 
its existence^ generated a keen interest in it as a species for further 
study for this thesis^ Numerous attempts to synthesize and detect this 
radical in the vapor phase by the pyrolysis of OF and by subjecting 
OF to a radio frequency discharge are discussed in Chapter III0 In these 
studies the exit of the reactor was inserted directly into the ionizing 
electron beam of the mass spectrometer» It seems that this is the very 
best arrangement possible for detection of a species by mass spectrometry, 
but this optimum arrangement has not been obtained in previous similar 
investigations of the oxygen fluorides„ The desirability of this "opti-
mum" arrangement was predicted analytically and demonstrated experiment-
ally in this work and will be discussed in some detail. 
O F Radical 
In contrast to the OF radical, the existence of the O F radical 
had not been proposed prior to the initiation of this present work* 
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However, this radical has been the object of considerable study in a 
number of different laboratories during the past year. With the increased 
interest in the possible existence of oxygen fluorine radicals and the 
failure to detect the OF radical, several investigators have attempted 
to detect the O F radical«, 
Prior to the initiation of the present experimental work, the 
possible existence of the OJ? free radical as a stable entity was ex-
amined from a theoretical point of view using the double quartet approach 
of Linnett, After a careful examination of all possible electronic con-
figurations for the O F radical (see Appendix A) it was concluded that 
the following two configurations would probably be the major contributors 
to its overall structure«, 




On the basis of the qualitative theoretical analysis of this O F 
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radical, it was proposed that it could very well be a stable species 
and might be prepared at unusual conditions such as at very low temper-
atures. This was accomplished in this work and will be discussed in 
detail in Chapter III, and has also been accomplished by several other 
investigators in the past few monthSc 
Comparison of the electronic structures, F and G, of the O F radi-
cal with those of O F , A and B, presented earlier, indicates that the 
structural parameters of the radical would be essentially the same as 
that of the O F moiety in O F , It is obvious that the electronic 
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configurations of the radical are essentially identical to the configura-
tions of O F with one of the fluorine atoms removed• From these elec-
tronic structures of O.F, it would be concluded that the 0-0 bond would 
be essentially double bond in character while the 0-F bond would be very 
weak as was the case in the O F molecule. It is interesting to note at 
this point that the bond energies for this species were measured in this 
work and were in excellent agreement with these qualitative predictions. 
The first observation of the O F radical was reported by Kirshenbaum, 
et al. (cf. Kasai and Kirshenbaum) from electron paramagnetic resonance 
studies of O F and O F . which were discussed in detail earlier in this 
chapter. From those studies they have also suggested that the main elec-
2 
tronic features of O F . proposed by Jackson from his microwave studies 
are still maintained in O F , and they have proposed a molecular orbital 
description of the species. They assumed that one of the antibonding 
ic-orbitals of the 0 molecule, say ny*2p, forms a bond with the 2py-
orbital of the fluorine, and the electron in the other orbital, nz*2p, 
stays unperturbed and gives rise to the paramagnetismo 
Further evidence for the existence of O F was obtained very re-
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cently by Arkell using matrix isolation and infrared spectroscopy. He 
reported that the O F radical has been produced during the photolysis of 
0 -OF^ mixtures or Oo-F-p mixtures in 0^, N^, or A matrices at 4°K. The 
radical in argon had infrared absorptions at 584 and 1494 cm"" which dis-
appeared during thermal cycling of the matrix to the diffusion tempera-
ture of 40°-45°K0 From the calculated 0-0 and 0-F stretching force 
constants, he concluded that the 0-0 bond is essentially double bond in 
character and the 0-F bond is very weak. On the basis of these results 
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he proposed that the ionic form, F" OzzrO , is a major contributor to the 
structure of OF, When the system 0 :F :A was used, the products of dif-
fusion were reported to be O F and O F . which were formed by combination 
of CLF with atomic fluorine and by dimerization of OF, respectively., 
The possibility that the O F was formed by dimerization of OF was ruled 
out since no OF radical was observed in any of these studies*. 
Levy and Copeland have proposed the existence of the O F radical 
as an intermediate in the oxygen-inhibited, thermal, gaseous reaction of 
hydrogen and fluorine., They discussed the kinetics of this reaction in 
terms of a chain reaction involving the O^F radical and propagation steps; 
H + F - HF + F (13) 
F + 0 + M - F O O + M (14) 
and 
F00 + H2 -» HF + 0 2 + H (15) 
In addition, they estimated the heat of formation of O F to be 3*5 Kcal/ 
mo le using kinetic data ' on the thermal decomposition of CLF,-,* This 
value of the heat of formation leads to an 0--F bond energy in O F of 
15 Kcal/mole or 0*7 ev. It will be shown that this is in excellent agree-
ment with the value obtained in this thesis researcĥ , 
The work of Levy and Copeland presents the only reported evidence 
for the existence of O F in the vapor phase, but it is only indirect evi-
dence o The synthesis, direct detection, and mass spectrometric investi-
gation of this free radical in the vapor phase was accomplished during 
'«?«? 
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this thesis research and will be discussed in detail in Chapter III. 
These studies permitted the development of the energetics of the O F 
radical (iBe., ionization potential and bond energies) which were of 
particular interest in view of the species' unusual structure as indi-
cated by the infrared studies. 
The experimental technique used in this work to synthesize the 
O F radical is considered rather unique and interesting in that it in-
volves the "pyrolysis" of an unstable species, O F , at a temperature 
of only 250°Ko It is also interesting to note that the location of the 
exhaust port of the furnace directly in the electron beam was shown 
experimentally to be of paramount importance as was predicted analyti-
callyc The results of the investigation of this radical were particu-
larly satisfying in that they represented the synthesis, detection, 
and investigation of a species that had been predicted to possibly be. 
stable by rather simple theoretical arguments. 
0_F and O.F Radicals 
3 4 . . 
The 0_F and O F radicals have received very little attention up 
until the present time* The only reported identification of these species 
25 
is by Arkell, who stated that they were detected during the photolysis 
of F in an 0 matrix at 4°K„ He reported that two absorptions at about 
1503 and 1512 cm appeared as partially resolved side bands on the 
-1 / \ 
1496 cm (0-0 bond in O F ) absorption, and he assigned them to the O F 
and O F radicals, respectively* He proposed that the formation of the 
04F radical occurred by either of the two reactions 
°2 
F + 0 2 -0,2F - 04F (16) 
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or 
F + 0, - O F (17) 
4 4 
The second case had to be considered as a possibility because he observed 
0 in the matrix. He further proposed that the O F radical was formed 
during the photolysis by 
hv 
04F - °3
F + ° (18) 
The discussions of this chapter have made it clear that the low 
temperature oxygen fluorides and oxygen-fluorine free radicals are pre-
sently the object of a very large amount of interest and study. Many 
investigators are studying these species and as a result much information 
concerning their systhesis, structure^ energetics, and chemical behavior 
is being published* These species represent a family of compounds ex-
hibiting very unusual and interesting properties, from both a theoretical 
point of view as well as from the view of their future usefulness. Though 
they are definitely not well understood at the present time, it does seem 
that the mass spectrometric studies performed as a part of this thesis 
research, along with the electron paramagnetic resonance, infrared, and 
microwave studies conducted by other investigators, have definitely helped 
explain many of their unusual properties and behavior. 
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CHAPTER II 
APPARATUS AND EXPERIMENTAL TECHNIQUES 
Introduction 
The major piece of equipment used in this work was a Bendix Time-
of-Flight Mass Spectrometer, Model 12-107, coupled to a cryogenic chemical 
system0 A rather detailed description of the mass spectrometer and spec-
ial adaptations for energy measurements are given in an earlier thesis 
3 
from this laboratory by Martin0 In addition, a fairly complete discus-
sion of the theory and experimental methods for determining the energetics 
of molecules and free radicals by mass spectrometric techniques are pre-
sented in Martin's thesis0 Hence, a discussion of these aspects of the 
experimental equipment and techniques will be omitted here0 
A very brief description of the early development of a thermal 
gradient, cryogenic reactor and inlet system for the mass spectrometer 
3 
was given by Martin0 The continued development and a quite complete 
discussion of the design considerations, mechanical description, and oper-
ation of a combination reactor and inlet system, encompassing the basic 
features of the system discussed by Martin, is presented in this chapter 
of this thesiSo Special adaptations of this cryogenic system for various 
techniques for the synthesis of the oxygen fluorides will be presentedo 
More detailed discussions of the design considerations and calculations 
will be given in Appendix BQ 
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Cryogenic Reactor and Inlet System 
Before chemistry at very low temperatures will progress very far, 
the common operations of bench scale experimentation must be translated 
to the point of convenient utilization at cryogenic temperatures, and 
perhaps the most fundamental operation of all is that of chemical analysis0 
The analytical facility described here was designed for the study of the 
synthesis^ stability, reactivity9 and energetics of that interesting 
class of compounds which usually must be synthesized and maintained 
below some rather low temperature if the compound is to exist as a stable 
entity or chemical reagento Examples of such compounds that are either 
known or pseudo-known are CLF-. 0 F», Ho^o> Ho^4» B H v HNO, NOq, 
NJH^j NH.CL, etCo Manipulations with these species must be conducted 
at temperatures below the onset of that loss process having the lowest 
activation energy, and this may be 100°K or lowerQ 
The only earlier mass spectrometer adaptation that seems reason-
ably related to the present arrangement was described by Blanchard and 
£iO 
LeGoffo In their apparatus^ the walls of the ionization chamber were 
cooled with liquid nitrogen, whereas in the present arrangement, a 
refrigerated delivery system injects the sample directly into the ionizing 
electron beam0 In the earlier apparatus, a molecular beam from a nearby 
furnace could be directed onto the inner walls of the cooled ionization 
chamber0 In experiments with a beam containing I~ molecules and I 
atoms5 and with the chamber temperature low enough to condense both 
species, no evidence was found for the presence of free I atoms upon slow 
warmupo Either the atoms failed to survive the quench or they recombined 
at temperatures below that at which they exerted a detectable vapor pressure0 
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General Design Considerations 
Both the synthesis reactions and the subsequent studies of the 
reactivity and energetics of the species of interest must be conducted 
in cryogenically cooled systems,, Experience has shown that simple 
transfer operations such as pipetting, liquid flow, or vaporization and 
recondensation become somewhat difficult operations when the working 
substance is thermally unstable at cryogenic temperatures0 Also the 
pruification techniques that might be applicable to such systems are 
complicated by the temperature requirements, and hence each will require 
development prior to its use0 Therefore, it was desirable to combine 
into one device^ insofar as it was possible,, the features of a versa-
tile chemical reactor, some capability for separative operations, and 
chemical analysis by mass spectrometric meanso 
Almost without exception,, reactions which proceed at cryogenic 
temperatures involve at least one reactant which is a free radical and 
which is usually generated by electric discharge,, pyrolysis, photolysis, 
or by chemical reaction (such as a low pressure flame)o So the experi-
mental arrangement should also be versatile enough to reasonably accommo-
date these several free radical generation operationSo 
Simple or equilibrium distillation that is frequently used at more 
ordinary temperatures may be adapted for use with these unstable systems 
provided the vapor conduit between the boiler and the condenser is main-
tained at a temperature no greater than that of the boilero Also, if a 
thermal gradient can be maintained along this flow channel, the consti-
tuents of the vapor will, to a degree, condense separately in bands 
depending upon their respective vapor pressureso The occurrence of this 
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latter phenomenon in cold traps is familiar to investigators having exper-
ience with vacuum rack manipulations of condensable gases0 These notions, 
which were employed in the present device, were first used in a related 
63 situation by Sir James Dewar in 1910 in the first successful quenching 
of a highly reactive species from an electric glow dischargee He found 
that solid CS would violently explode upon warming above liquid air 
temperature only if it was first separated from the undissociated CS~ 
that had survived the dischargeo 
The mass spectrometer was selected as the primary analytical 
device for these investigations because, unlike electron spin resonance 
or infrared, which have both been widely and successfully used in related 
experiments, the mass spectrometer detects all specieso It also affords 
a direct observation of the species of interest and the output data 
require a minimum of equivocal interpretation An identification may 
be obtained in the present system provided only that a species exert a 
=6 vapor pressure of about 3 x 10 torr and that the vapor willy upon 
electron impact^ give a sufficient intensity and variety of either posi-
tive or negative ions0 Both positive and negative ions are detectable 
in the Bendix time-of-flight (TOF) mass spectrometer provided only that 
the ion has a lifetime of the order of 50 microsecondso The identifica-
tion is also aided by the use of an ionizing electron beam of controlled 
energy,, and by the control of the temperature of the inlet system which 
takes advantage of the relative volatility and hence the separability of 
the several components that may be present from a particular experimento 
The open structure of the source of the Bendix spectrometer, which makes 
it possible to assemble complex hardware adjacent to and even within the 
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source itself^ was the deciding factor in the selection of that machine0 
A recent review summarizes many other adaptations of the TOF instrument 
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in situations where this open source structure has been advantageous0 
The disadvantages of the TOF instrument stem from the low duty cycle of 
0o005 which results from a control pulse of 0o25 microseconds at a fre-
quency of 20 KCo 
Maximum detectability corresponds to the observation of usable 
spectra at the lowest sample pressures, hence at the lowest temperatures 
of the condensed samples that are of interest here,, and therefore in the 
region of greatest thermal and chemical stability of these rather labile 
compoundSo It is possible to calculate the intensity of molecules 
2 
effusing into a vacuum from a circular inlet port of area itr which has 
some particular ratio of length to radius, L/r0 The molecular intensity, 
Nfl, at any solid angle, dw9 located at some angle, 05 with respect 
to the center line of the port^ may be developed in the form of the 
usual cosine distribution function multiplied by a deviation factor, J, 
which is a complicated function of L/r and 9, 
Ne = [(Nt/ir)(cos 6)(du/dA)]j (1) 
From the variation of J with L/r and 9, it is evident that both the 
intensity at any angle and the total flow will be a maximum for a sharp 
edge orifice for which case J has its maximum value of unity*, N is the 
rate at which molecules enter the sample inlet channel and is given by 
the product of the molecular number density in the sample reservoir, the 
l/2 
average molecular speedy and the inlet area, :L0e0, by PA/(2icmkT) ' 0 We 
are concerned, of course, with the ionization of molecules which have 
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suffered no collisions since leaving the inlet port0 The sensitivity, S, 
is directly proportional to the number of these molecules that are 
ionized per unit time which is given by the product of the electron flux, 
N , the molecular or the target number density,, D(x,y,z), and the 
ionization cross section̂ , d»o The target density, D(x,y,z), is given 
by Equation (l) aboves but expressed in rectangular coordinates, divided 
by the mean molecular speedy v0 Although the electron flux is uniform, 
the target density is a function of position within the effective colli-
sion covolume and hence one must integrate over this covolume to deter-
mine the total sensitivity, Sp that is, 
S = K CT.N D(x,,y5z)dV 
Covol. 
(2) 
where K is a proportionality constanto It is then possible to examine 
analytically the relative merits of various configurations of the inlet 
port relative to the rectangularly collimated electron beam of the TOF 
mass spectrometer0 Since the probability that a given molecule will be 
ionized during its single pass through the electron beam is very small, 
it can be assumed that the number density of targets is undiminished as 
a result of ionization and is therefore correctly given by D(x,y,z)0 
Equation (2) can then be integrated to give, 
S = {4NtNe<5iK/icv}{a ln[Y2(b + P ^ A ^ b + p2)] 
+ b ln[(a2+p2-a)(ai + px +a)/(a2 +|32 + a) (ĉ  + pi -a)] 
-1 -1 
+ c 2 t an ( a / c 2 ) - 2c 2 t an [aCg/fa + b ) ( a 2 + p 2 ) ] 
+ 2 c 1 t a n "
1 [ a c 1 / ( a 1 + b ) ( a 1 + p ^ ] - c^an"
1 ( a / c ^ } (3) 
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where, a = (b* + c*)x/*j P = (a2 + a 2 ) 1 ^ T = (a
2 + c2)1/2? and 
where the factor, J, has been taken to be constant and equal to its 
maximum value of unity, that is, Equation (3) is applicable to a sharp 
edge orifice0 The geometry of the inlet port and beam configuration is 
specified by 2a and 2b which are the cross sectional dimensions of the beam 
as viewed from the port, and by c. and c~ which are the perpendicular 
distances from the port to the near and far faces of the beam, respectively0 
The relative merits of the various inlet channels having finite 
lengths may also be explored^ but the integration of Equation (2) is now 
much more complicatedo Omitting the concern for integrating over a col-
lision covolume, the fraction of molecules entering an inlet channel of 
finite length which finally emerge within an angle 6 with respect to 
the axis of the channel has been computed recently and tabulated for a 
wide variety of values of the parameters L/r and 6C 
Two alternative configurations of the inlet port relative to the 
electron beam of cross section 0o076 x 0o50 cm and effective length of 
0o64 cm are possible with the Bendix instrumento The axis of the inlet 
port may be perpendicular to the ion flight path, or the drift tube, and 
facing the 0o076 x 0o64 cm side of the electron beam0 Or the inlet port 
may be coaxial with the ion flight path and facing the 0o50 x 0o64 cm side 
of the electron beam0 An indication of the calculated behavior of the 
two configurations for several values of the distance between the inlet 
port and the near face of the electron beam, c«, is summarized in Table 
I and given in detail in Appendix Bo Evidently both the perpendicular and 
the coaxial configurations provide about the same sensitivity at equal 
displacements from the near face of the electron beam0 The paramount 
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Table 10 Variation of Sensitivity with 
Relative Configuration of Electron 





from Eqt 3)) 
Perpendicular 0o03S 0o32 OoO 0.5 0.156 
Arrangement 0o038 0o32 0o2 0.7 0.0387 
0o038 0.32 0o8 lo3 0.0070 
0o038 0o32 lo4 1.9 0.0028 
0o038 0o32 2o0 2o5 0.0015 
Coaxial 0.250 0.32 0.0 0.076 0.134 
Arrangement 0.250 0o32 0.2 0.276 0.0594 
0.250 0.32 0.8 0.876 0.0087 
00250 0.32 1.4 1.476 0.0036 
0.250 0o32 2.0 2.076 0.0018 
F is the fraction of molecules entering the inlet channel per unit 
time that appear in the collision covolume and is equivalent to S/#,,N,N K. 
Maximum detectability with respect to the relative configuration of the 
electron beam and the inlet port corresponds to a maximum value of F. 
42 
importance of minimizing the distance between the inlet port and the elec-
tron beam is clear3 for if the inlet port is only 2 mm away from the 
beams the sensitivity is down by about a factor of four for the per-
pendicular case0 This behavior as well as the other trends that may be 
inferred from Table I have been experimentally verifiedo Equation (3) is 
equally applicable to any sort of a collision free inlet arrangement in 
which the above model is reasonableo A similar analytical study of the 
much greater sensitivity obtainable with a slit shaped inlet port may 
also be developedo 
Largely as a consequence of the realizable mechanical conveniences^ 
the perpendicular arrangement was selected for these investigations., 
This system iss in some sense^ rather similar to a heated filament 
inlet system for use with the Bendix instrument that was developed by 
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Biemann and in which thermally sensitive organic substances contained 
in a tiny capsule may be positioned inside the source adjacent to the 
ionizing electron beam of the instrumento Heating the capsule produces 
vaporization directly into the electron beams and hence there are few 
collisions and therefore little reaction or degradation before ionization 
Mechanical Description 
A schematic of the apparatus appears in FigQ 2 where the reactor-
inlet system itself is shown in heavy black while its associated compo-
nents are shown either in outline or in cross-hatching0 The reactor 
inlet system is suspended from a single header (23) and consists essen-
tially of two independently thermostated chambers (22) <> (17) that are 
centered within a polished stainless steel sleeve (21) which can move 
laterally through a double O-ring gland (5) into a vacuum lock arrange-


















Corporation Model VCS-41A) separates the vacuum lock from the separately 
pumped source and drift tube of the spectrometer0 This design is for 
convenience and permits the reactor-inlet arrangement to be withdrawn for 
adjustments or modifications without the necessity of breaking vacuum in 
the mass spectrometer system itselfo The sample spaces within the two 
refrigerant chambers (4)5, (18) are connected by a 20 cm long x 0o25 cm 
wall tube (19), and together they form a coaxial tubular reactor and 
condensation spaceQ Both chambers and the connecting tube are made of 
copper for rapid thermal equilibration and are nickel plated on the out-
side to reduce the emissivity and hence the refrigerant use rate0 The 
entire reactor and condensation tube in which the low temperature species 
are prepared and manipulated was lined? for chemical inertnessy with 
monel tubing which was sweated in placeQ At the expense of somewhat 
poorer heat transfer between the sample and the refrigerants, a snug 
fitting pyrex liner can be inserted into the reactor-condensation tube 
which effectively allows the sample to be manipulated within an all glass 
system0 Thermostating of each chamber is accomplished by offsetting the 
natural inward heat leak with a controlled influx of refrigerant which is 
adjusted to be slightly in excess of that required to just balance the 
natural heat leak0 Fine control is then maintained automatically by two 
recorder-controllers (Leeds and Northrup Company^ Adjustable Zero-Adjust-
able Range-Speedomax H) which control the power dissipated in 100 ohm 
constantan heaters wound on the inside of each chamber0 Electrical trim-
ming of the heat balance can be much more precisely controlled than is 
possible with flow control of the liquid refrigeranto Proportional control 
of these heaters was not required since simple two-position operation 
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resulted in oscillations about the control point which increased to a 
maximum of only ±0o5°K when the apparatus was cooled to near 77°K0 
The refrigerant delivery system to the two thermostated chambers 
(17), (22) is illustrated in Fig0 3c The flew of liquid N from the 
coolant container into the two chambers is achieved by applying a gaseous 
N9 overpressure of 5-15 psig in the vapor space over the liquido Close 
control and monitoring of the influx of refrigerant is accomplished by 
adjustment of the two micrometer valves until the desired flow rate is 
attained as indicated by the two flowrators coupled to the refrigerant 
chamber exhaust lines0 From the measured vented gas flow rate, one can 
immediately deduce the liquid refrigerant use ratec 
The end of the condensation tube nearest the source is fitted 
with any one of several flat extension pieces (16) which are positioned 
to protrude into the ionization chamber of the spectrometer when an 
analysis is being performedu a channel in this extension piece conducts 
the sample from the condensation tube into the ion source (l5)o The inlet 
port itself (10) (0o089 cm diaD) may be positioned at any point relative 
to the electron beam including its being actually submerged in the beam, 
and hence ionization of the sample occurs prior to wall collisionso A 
sample molecule must be considered to be background after only one such 
wall collision0 The inlet arrangement properly positioned in the source 
for analysis is shown schematically in FigD 4„ Design calculations which 
were confirmed subsequently by experimental measurements^ show that the 
0o4 x lo6 cm cross section of the copper extension piece provides sufficient 
conductivity along its 2o5 cm length to insure that the sample is not 



















































































VACUUM LOCK ASSEMBLY 
Figure h. Top View of the "Cross" Vacuum Chamber Which Contains the 
Source Structure and Which is Depicted with the Cryogenic 
Inlet System in Analytical Position. 
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(17) when it passes through the inlet channel0 The lateral positioning of 
the reactor inlet device is accomplished with a screw (2), and an obser-
vation port (13) is provided to visually follow the advance of the exten-
sion piece into the source structure0 Sidewise positioning adjustments 
in the plane perpendicular to that of Figc 1 are made during this advance 
by a pair of oppositely placed., vacuum sealed push rods which are mounted 
on the "cross" vacuum chamber (11) 0 This rather delicate alignment situa-
tion is apparent in Fig0 40 When in analytical position, that is, as 
shown in FigQ 4, the sample gas from the condensation tube is injected 
directly into the ionizing electron beam, and a portion of it is ionized 
before collisions with surfaces at room temperature can occurD Fast 
pumping in the source region is provided by a nominal 750 l/sec system 
(14) (National Research Corporation Model HS 4-750)„ 
This two chamber system with a temperature controlled intercon-
necting vapor conduit (19) may also be used for the physical separation 
of product mixtures from the reactor (4) by means of either simple distil-
lation or by fractional condensation in a thermal gradiento However, for 
experiments in which this rough separation is undesirable or unnecessary, 
a single chamber device has been built which is completely glass lined 
for chemical inertness,? and which is in essence merely the inner refriger-
ant chamber (17) alone0 Either an extension piece similar to that described 
above or a gold foil leak may be used, but the foil leak cannot be advanced 
into the source and hence it can be no closer than lc9 cm to the electron 
beamQ The analysis summarized in Table I indicates that the foil leak 
results in a loss in sensitivity of nearly a factor of 100 over that 
obtained with the extension piece0 
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The 2o5 cm diameter reactor space (4) of the outer refrigerant cham-
ber (22) was designed to accept a variety of synthesis operations0 Glow 
discharges, furnace pyrolyses^ and heated filament pyrolyses have been 
conducted in this reactor0 In each instance a labile species from the high 
energy operation has been either quenched directly from the vapor, or it 
has entered into subsequent heterogeneous reactions on the cold walls of 
the reactor0 Depending upon the experimental requirement, the reactor-
condensation tube may be either pumped from the reactor header (24) or 
from the opposite end (l) which will thus cause a mass flow through the 
entire systerrio 
Operation 
Since a variety of different sorts of experiments were conducted in 
this apparatus, its operation is best described by considering specific 
caseso From these descriptions^ it will be obvious that there are several 
possible permutations of the device0 
In Situ Synthesis of the Oxygen Fluorides0 In the initial stages 
of this research the low temperature oxygen fluorides were synthesized in 
a glass reactor in essentially the same manner as that described by 
9 
Kirshenbaum and Grosse0 Using this technique it was demonstrated that 
3 
5-10 cm of 0 F„ could be made over a 5-7 hour periodo However, this 
technique required that the samples be transferred from the reactor into 
the cryogenic inlet system for analysis0 This transfer operation proved 
to be very difficult to accomplish without excess heating and contamina-
tion of the specieso Hence, a rather unique method for preparing these 
compounds in situ in the inlet system was developed0 
An electric discharge reactor was obtained by mounting a single 
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axially symmetric electrode and a reactant gas inlet (FigD 5) on the 
reactor header (24)0 A pyrex tube encased the 0o32 cm diameter elec-
trode from the header to a point some 705 cm inside the reactor space 
(4), which assured the glow was established only within the refrigera-
ted volume0 The reactant gas inlet line is extended beyond the header 
to exhaust directly into this discharge region0 This system was used 
with a potential of 800-1500 volts (60 cycles) to establish a discharge 
in a mixture of oxygen and fluorine at 25-40 torr pressure in the annular 
space between the electrode and the grounded reactor walls cooled below 
90°Ko The unstable low temperature oxygen fluorides were thereby syn-
thesizedo Accumulation of an excess of either reactant in (4) during the 
synthesis operation was prevented by pumping out the lower end (l) of the 
reactor-condensation tube at a controlled rate0 Since it was not neces-
sary to monitor the reactor off-gases during the synthesis, the reactor-
inlet assembly was allowed to rest with full atmospheric force of some 
230 pounds pressing the end of the extension piece? which has a cross-
2 
section of about O0151 cm at the point of contact^ against a teflon 
blocko This acted as a valve to seal the reactor space from the low 
pressure in the vacuum lock (6) which was required for thermal insulationQ 
-5 
Insulation pressures of 10 torr were readily maintained while operating 
with pressures of 30 torr in the reactorD About 4 liters of liquid nitro-
gen were required to cool and flood each chamber (17), (22)» With the 
chambers flooded^ metering of the vented nitrogen gas indicated boil off 
of lo0 and 0o7 l/hr of liquid nitrogen^ respectively, in the outer (22) and 
inner chambers (17) to offset the natural heat leak0 When the annular elec 












































































off rate in the outer chamber was increased to 3o7 l/hr0 A typical OF,-
synthesis run required 60 minutes during which 15 liters (NTP) of premixed 
oxygen and fluorine feed gas were pumped through the dischargee Upon com-
pletion, the discharge was turned off, and the reactor space was pumped 
to remove the excess feed gas0 Care was required at this point since 
excessive pumping could remove product species which have high vapor 
pressureso From an operational point of view, one may assume that each 
species present will exert its full vapor pressure since the occurrence 
of solid solutions^ partial miscibilityj, etCc can only reduce the vapor 
pressureo Using the lateral positioning screw (2), the system was then 
backed off of the teflon block valve against which the inlet port had 
been pressed, the large slide valve (9) was opened, and the system was 
advanced into the source0 This forward advance was followed visually 
through the observation port (13) and was continued until the inlet 
port (10) at the end of the extension piece (16) was just touching the 
thin side of the rectangularly collimated 0o076 x 0o50 cm electron beam 
or until the spectrum intensity was maximized,, Final positioning of the 
inlet port was accomplished by adjusting the horizontal pushrods until 
maximum sensitivity was obtainedo 
Upon attainment of the optimum position of the extension piece 
(16), the oxygen fluorides were distilled directly into the spectrometer 
by slowly raising the temperatures of the refrigerant chambers (17), (22)„ 
Since the ionizing electron beam was in grazing, tangential incidence 
with the sample inlet port (10), mass spectrometric analysis of the vapors 
was achieved without warmup above the temperature of (l7)c By adjusting 
the two refrigerant flow rates and the power dissipated in the heaters, the 
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temperature of the chambers are stabilized and automatically maintained at 
any value above the normal boiling point of the refrigeranto Both the 
voltage applied to the heaters and their per cent on-time are variables 
in the trimming of the heat load on the two refrigerant chambers0 In 
general, a lower voltage and a correspondingly greater per cent on-time 
result in smaller temperature oscillations about the control pointo Typi-
cal operating parameters with both chambers near 77°K show temperature 
fluctuations about the control point of ±0o5°Ks heater voltage of 50, and 
per cent on-time of 40o The temperature fluctuations decrease with in-
creasing temperatureo 
In some of the experiments it was desirable to have the cryogenic 
reactor space (4) and condensation tube (19) completely glass linedo 
This was accomplished with the single electrode arrangement by cutting 
a narrow slit in the side of the glass reactor-liner in such a position 
that a discharge could be established between the tip of the electrode 
and the reactor wall through the narrow opening0 In these experiments 
the exit channel through the extension piece (16) was also glass linedo 
This proved to be a very satisfactory arrangement and permitted the in-
vestigation of the relative effects of metal and glass surfaces on the 
labile species studied in this worko 
External Synthesis of the Oxygen Fluorideso In the course of 
the experimental investigation of the low temperature oxygen fluorides, 
it was decided that it was highly desirable to prepare the species exter-
nally in a device permitting visual observation of the product and in a 
manner duplicating that used by other investigators who have synthesized 
and studied O F . and 0 FQo Earlier experiences with preparation of the 
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samples in a separate reactor, which required a very difficult transfer 
operation into the inlet system, proved to be disappointing as was mentioned 
earlier,, Hence, a pyrex reactor similar to that used by Kirshenbaum and 
9 
Grosse was designed so that it could be attached directly to the mass 
spectrometer inlet system0 This external reactor was mounted near the 
reactor header (24) of the low temperature inlet system so that a 43 cm 
long drain line could be used to conduct these externally generated com-
pounds through the reactor header and into the center of the reactor 
space (4)0 Fig0 6 shows the reactor contained in a specially designed 
dewar that permits immersion of the drain line over its entire length 
in the same refrigerant (usually liquid oxygen,, 90°K) as was used to 
cool the discharge tube reactor0 In a typical Oo^o synthesis a voltage 
of 2000-2800 volts was used and a reactor pressure and temperature of 
18-25 torr and 90°K, respectively, were maintainedo This resulted in 
the formation of O F . as a red liquid on the walls of the glass reac-
tor in just the manner described by other investigators,, In experiments 
in which insufficient 0^F„ was prepared to drain directly into the 
reactor space (4)9 the transfer was accomplished by permitting the 
liquid 0 refrigerant to boil off slowly while simultaneously pumping 
continuously on the lower end (l) of the reactor condensation tubeQ 
This resulted in distillation of the sample into the cryogenic reactor-
inlet systemo The inlet system was in analytical position, as shown in 
FigQ 4, during this transfer operation to permit detection of any decom-
position of the synthesis productSo The investigation of the species as 
a function of temperature was conducted in the same manner as in the 
annular discharge experimentSo 
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The arrangement shown in Fig0 6 was used in experiments where the 
entire reactor-condensation tube and exit channel were glass linedo In 
other experiments in which these surfaces were not glass lined (monel 
walls)3 the glass reactor and dewar were connected to the reactor header 
(24) by a glass-to-metal seal rather than by the Apiezon W wax sealo 
FigQ 6 depicts the feed gas inlet arrangement for these experiments^ 
which was the same for both the in situ and external generation of the 
oxygen fluorideSo 
The electrical networks used to produce the gaseous discharge for 
the oxygen fluoride syntheses are shown schematically in FigQ 7Q A 
Jefferson luminous tube outdoor sign type transformer was used which was 
capable of producing a secondary voltage of 15*000 volts at currents up 
to 120 ma0 A variable rheostat^ R., (0-1645 ohms* 0o7 amps) was used 
to make the circuit ohmic0 Since the secondary coil of the transformer 
was center-grounded* only one-half the secondary voltage was used in the 
annular discharge experiments as indicated by FigQ 7A0 In those experi-
ments a second variable rheostats R0? (0-213 ohms? 2o3 amps) was addedo 
This permitted a very accurate determination of the discharge current 
(25-50 ma) by measuring a very small voltage drop (5-10 volts) across a 
well-known resistance (R_ = 200 ohm)0 The discharge current for the 
external syntheses (25-75 ma) was determined by measuring the voltage 
drop (25-75 volts) across R,(1000 ohms)0 
Miscellaneous Inlet Systems 
Furnace Attachment for the Cryogenic Inlet System 
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Figure "J a. Schematic Diagram of the E l e c t r i c a l Network for t he _in_ s i t u 


















Figure "Jh. Schematic Diagram of the Electrical Network for the External 
Synthesis of the Oxygen Fluorides. 
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system was replaced with a furnace which made it possible to study the 
initial and perhaps unstable or transitory pyrolysis products of the sample 
stored in the condensation tubeQ The furnace attachment (FigG 8) con-
sisted of a 3o8 cm long alumina tube (0o103 cm LDo) heated over a 2o5 cm 
region by a tungsten resistance wire (0o0107 cm diao)0 The alumina tube 
and heater wire were coated with Sauereisen Jnsa-Lute Adhesive Cement 
(NOo 1 Paste) to assure uniform heating and were encased in a quartz 
sleeve to prevent surface ionization on the heater element itselfo The 
temperature of the furnace was measured by a copper-constantan thermo-
couple at the center of the heated regionQ Flow through the furnace was 
controlled by maintaining the cryogenic inlet arrangement at a tempera-
ture such that the condensed species exerted a vapor pressure of approxi-
mately loO torr0 
The synthesis of the oxygen fluorides for these experiments was 
somewhat complicated by the fact that the furnace attachment was very 
fragile^and the exit port (10) could not be sealed off from the isola-
tion vacuum by use of the teflon block valve as was described earlier0 
Consequently., it was necessary to close the valve (20) to the isolation 
vacuum pumping system and to conduct the synthesis with the vacuum lock 
(6) at the same pressure as the reactor space (4)9 i0e0j at 25-40 torr0 
This resulted in such a large increase in the liquid nitrogen coolant 
boiloff rate that the reaction could not be run continuously0 However^ 
the synthesis was accomplished by filling the coolant chamberSj (17) and 
(22)^ before starting the synthesis and continuing to force the liquid 
nitrogen into the chambers as rapidly as posaible while the discharge 
was on0 When all the excess refrigerant had boiled off, the discharge 
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was turned off and the same procedure was repeated,, Using this technique, 
it was possible to run the discharge continuously for about 30 minute 
periods before it was necessary to refill the refrigerant chambers0 This 
was actually a satisfactory technique since the normal synthesis for these 
runs required only about 1 - lc5 hours0 
This furnace arrangement was used quite successfully in the pyrolysis 
of the low temperature oxygen fluoride^ 0 F„, which permitted the detec-
tion and investigation of the O^F free radical„ It is particularly 
notable that withdrawing the exit of the furnace less than 6 mm from the 
edge of the electron beam resulted in such a decrease in the intensity of 
the 0~F radical ion that it was barely detectable,, This arrangement has 
also been used to observe the pyrolysis of 0F_ and the formation of BH 
from the pyrolysis of B9H.o 
Hot Filament Inlet System 
A second arrangement is shown in Fig0 9 in which reaction products 
from the reactor-inlet system can be pyrolyzed directly in the electron 
beam of the spectrometer,, A heated coiled wire filament is stretched 
directly across the exit port of the inlet systemQ With the extension 
piece of the inlet system positioned directly in the ion source as des-
cribed earlier, the species can be passed directly over the hot filamento 
This permits detection of pyrolysis products formed by a single collision 
with the filament and with no subsequent gaseous collisions before analysiSo 
It has been demonstrated that the filament can actually be immersed directly 
into the electron beam0 This appears to represent the very optimum arrange-
ment for this type of study and apparently has not been attained in any 
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Numerous filaments were used in the investigation of the pyrolysis 
products of OF at temperatures of 650°-1000oCo The temperature of the 
filament was determined by sighting through the observation port (13) with 
a Leeds and Northrup Model 8622-C optical pyrometer0 It is interesting 
to note that these pyrolysis experiments varied markedly with various 
filaments which suggest that this might well be a suitable arrangement 
for the study of surface chemistry and catalysis0 
Radio Frequency Discharge Tube Inlet System 
In attempts to observe the formation of the OF free radical, a 
radio frequency electrodeless discharge was used to decompose the OF. 
molecule0 In these experiments the 0F9 gas was injected through a 
Granville-Phillips leak valve into a 0o635 cm I0D0 quartz or alumina 
discharge tubeQ The discharge was generated with a 50 turn, 205 cm, 
diameter coil powered by a Hallicrafter "s BC-610 radio transmitter 
The gaseous products passed from the discharge region, around a 
90° turn, and directly into the mass spectrometer through the header of 
the coaxial entrance to the ion source0 The backing plate of the ion 
source was removed so that the end of the inlet tube could be inserted 
directly into the edge of the electron beam0 The total length of the 
tube from the discharge region to the electron beam was 12o5 cmc The 
90° elbow proved to be necessary to remove ions formed by the electrical 
discharge0 
Mass Spectrum as a Function of Temperature 
Positive Ion Spectra 
Several hundred traces of the mass spectrum were made over the 
temperature range of 77° - 200°K in most of the low temperature oxygen 
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fluoride experiments„ In addition, mass spectra as a function of tempera-
ture were obtained for the unreacted feed gas mixture of 0» and F»Q 
The mass spectra of OF^, SiF4, CF., and C_F, were also obtained 
since they turned out to be particularly troublesome impurities in the 
product mixtureso The Bendix machine permits the scanning and recording 
of the mass range of 12 < m/e < 130 in approximately one minuteQ Sev-
eral traces were made at each temperature with various electrometer 
index settings0 Hence, the relative intensities of all ion currents 
were obtained and tabulated at each temperature,, 
The limitations of the spectrometer and complicated features of 
the spectra combined to necessitate much care in making mass assignments 
for the observed ionso Mass scales were prepared for each scan rate 
using m/e = 16 (0 ion) and m/e = 69 (CF ion) as reference masses0 
Using only the measured distance between the reference masses as veri-
fied from several traces^ the distance from m/e = 16 to all other masses 
out to m/e = 130 was calculated and plotted to yield completely unbiased 
scaleso These scales were then checked by making traces for species that 
gave known fragments throughout the mass rangec That is, traces for 
CF I, SiF s C«F,, 0Fo»
 anc* CO2 w e r e obtained which combined gave 
major ion currents at m/e - 16, 19, 28, 31, 35, 44, 47, 50, 54, 66, 69, 
85, 100, 104, 119, 126, and 127 which made it possible to verify that the 
mass scales were definitely correcto The use of these scales resulted 
in consistent and unambiguous mass assignments for 12 < m/e < 130 for 
more than 98 per cent of all traces0 Occasional fluctuations in the scan 
rate or recorder speed resulted in a shift of the larger masses for a few 
traces and, consequently, these traces were ignoredo 
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The identification of ail the ions in the mass spectrum was very 
difficult due to several impurities that were in the feed gas and others 
that were formed during the synthesis operation The source of each ion 
was determined from the observed relative intensitieŝ , known cracking 
patterns of the impurities^ the temperature at which each was first 
observed (which depends on the vapor pressure of the parent species), and 
their appearance potentials0 In order to identify each impurity present 
in the 09 and F„ feed gas and to determine the volatility^ and hencec, 
the temperature dependence of the mass spectra^ the unreacted feed gas 
was pumped through the system with both coolant chambers^ (17) and (22)9 
at 77°K? whereupon all significant impurities were condensed and concen-
tratedo Spectra were then recorded at 2° - 3°K intervals as this condensate 
was warmed over the temperature range of 77° - 200°Ko From the temperature 
required for the observation of the various condensed impurities^ it was 
possible to determine what vapor pressure a species had to exert before 
it could be detected in the spectrometer? and? therefore^ a fundamental 
calibration of the inlet arrangement was obtainedo 
The mass spectrum was normally obtained with an electron energy of 
70 evo However9 near the decomposition temperature of OF., traces 
were made over a wide range of electron energies,, 15-70 ev, in order to 
investigate the possibility that higher electron energies might result in 
excess fragmentation of some unstable species0 The mass spectrum was 
also observed continuously on a Tektronix Type 543A oscilloscope during the 
warming process in order to detect any unusual changes between traces0 
Negative Ion Spectra 
The possibility that the oxygen fluorides might well yield negative 
ions in the mass spectrometer was considered very likelyD Consequently^, 
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several experiments were run in which both positive and negative ions were 
observed over the temperature range of 77° - 150°Ko Unfortunately, the 
Bendix machine is not equipped to record negative ion currents0 However, 
they can be observed on an oscilloscope outputo Therefore, it was possi-
ble to see the negative ion spectra on the oscilloscope, to estimate the 
relative intensities of the various ions, and to determine the electron 
energies at which each was first observed and the energy at which it had 
a maximum intensityD The positive ion spectrum was recorded before and 
after a measurement of the negative ion spectrum at a given temperature,, 
This permitted a determination of the relative abundances of all species 
present at that temperature and greatly facilitated the determination of 
the sources of the negative ion currents0 
A negative ion mass scale that could be placed directly on the 
oscilloscope was prepared in the same manner as that for the positive ion 
scale, using CF I as a calibrating gas which gave ions at m/e = 19 (F ), 
69 (CF ), and 126 (i ) 0 This scale was checked by observation of the 
negative ions from OF,-, CF., Ĉ F,., and SiF. which appeared at 
m/e = 16, 19, 35, 69, and 85» The fact that negative ion currents could 
not be recorded made it impossible to calibrate the electron energy scale 
accurately0 
Energy Measurements 
The appearance potentials of the ions of interest observed in the 
spectrometer were usually determined using the retarding potential dif-
ference (RPD) method, with the energy scale calibrated immediately before 
and after each energy measurement using argon and/or nitrogenD In some 
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experiments the ion current from the species of interest was so small 
that it was impossible to use the RPD methodo Hence, the linear inter-
cept and semilog matching methods were used in those tests0 These latter 
methods were also used in most of the energy measurements that were con-
firmatory tests of values reported in the literature, as well as when 
only approximate values were desiredo The RPD and linear intercept methods 
3 
are discussed in some detail in Martin's thesis and the variations of the 
semilog matching method are discussed in numerous papers0 ' Since this 
thesis was not concerned with the development or investigation of these 
various experimental techniques for measuring appearance potentials by 
electron impact methods, they will not be discussed in this worko In 
making the energy measurements on the highly reactive fluorine compounds, 
it was necessary for the ion source to become partially passivated before 
the spectrometer would stabilize enough to make accurate and reproducible 
measurements,, The energy scale was calibrated before and after the spec-
trometer was conditioned by the oxygen fluorides to determine if there 
was an appreciable drift during that periodo These studies showed that 
the energy scale moved upward by 1-2 ev during the conditioning periodo 
A particularly troublesome problem was encountered in these energy measure-
ments of the low temperature oxygen fluorides0 That is, after several 
hours injection of the sample into the spectrometer, with the cryogenic 
inlet system in analytical position (see Fig0 4), an electric arc appar-
ently occurred between the extension piece of the inlet system and the 
ion grids of the spectrometer0 This changed the energy scale calibration 
and made it necessary to recondition the ion source and to then recalibrate 
the energy scaleD With continuous injection of the fluoride samples, the 
trap current decreased to an inoperable level after 12-20 hours0 
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CHAPTER III 
RESULTS AND DISCUSSION 
Introduction 
The true molecular consistency of the reported low temperature 
oxygen fluorides has been a question of interest to many investigators 
for several years0 In addition? the question concerning the existence 
of oxygen-fluorine free radicals has been the object of much investiga-
tion as was pointed out earlierc The mass spectrometric results reported 
in this chapter were obtained in an effort to answer, in as much depth as 
possible, questions concerning both of these rather broad and complex 
problemso Hence, these results are very diverse in nature and will be 
discussed as essentially separate topics0 That is, the mass spectro-
metric investigations of the low temperature oxygen fluorides, O F . 
and 0^F„, which were carried out over a broad temperature range will 
be the object of one topic, while the investigations of the O F and 
OF radicals will be the subject of another rather different topicc 
However, it will be shown that the development of the energetics of the 
0-F molecule and O F free radical are dependent on both of these 
studieso 
Mass Spectrometric Studies of the Low Temperature 
Oxygen Fluoride Molecules 
The mass spectrum as a function of temperature was obtained in the 
manner described in Chapter II over the temperature range of 77° - 200°K 
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in sixteen O^o syntheses and four 09F9 syntheses0 The fact that 
O F . decomposes to 09
Fo ancl 0? at about 115°K made it possible to 
study both species in each experiment0 This was considered a fortunate 
situation since the synthesis operation and recording of the mass spec-
tra over the temperature range of 77° - 150°K required from 12 - 20 hours 
for each experiment However, the four 0_Fo synthesis experiments were 
necessary in order to determine., by difference, the actual contribution 
of 0qFo to the mass spectra in the region of 77° - 120°Ko 
The effect of glass walls in contrast to metal walls on the mass 
spectra was investigated using both the in situ and external generator 
syntheseSo No significant differences were noted in the mass spectra 
from these experiments0 Therefore, the results will be discussed with 
no distinction between the experiments in which the reactor was glass 
lined and when it was noto 
Mass Spectrum as a Function of Temperature 
Positive Ion Spectra (in Situ Synthesis)0 Figs0 10 and 11 
illustrate the general variation of the more interesting ion currents 
with temperature for the experiments in which OJF^ was the principal 
reaction product when using the in situ synthesis technique„ Four 
temperature ranges are apparent (80° - 90°Kj 90° - 102°KS 105° - 122°K, 
and 122° - 135°K) within which significant changes in the mass spectra 
occur0 These temperature ranges coincide with the melting point of 
0F„ (83° - 84°K) ; the temperature at which ozone has a vapor pressure 
of one torr (94°K)\ the temperature at which CLFo has a vapor pressure 
of one torr (110°K), at which 0oFo decomposes (110° - 120°K)^ and at 
2. Z. 




Figure 10. Eepresentative Variation of Ion Current Intensities with Temp-
erature of Some of the Most Interesting Ions Observed in the 
O F Synthesis Experiments. The Eeactor was Pumped 
Continuously during Warmup. 
TO 
75 105 115 
TEMPERATURE (°K) 
145 
Figure 11. Representative Variation Ion Current Intensities with Temp-
erature of Some of the Most Interesting Ions Observed in the 
0~F Synthesis Experiments. The Reactor was pumped During 
Warmup. 
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which O9F9J as a stable reagent, exerts a smoothly rising vapor 
pressure0 The vapor pressure of O9F9 is
 o n e torr at approximately 130°Ko 
In the experiments in which the principal synthesis product was CLF9, 
the mass spectra as a function of temperature from 77° - 150°K were essen-
tially the same as for the 0_F9 experiments except that the maximum ion 
currents at 80° - 90°K, 90°-102°K, and 105° - 122°K were much smaller It 
would be expected that at least a small amount of CU^o would also have 
been prepared in these O9F9 experiments0 
In Figso 10 and 11 it can be seen that the ratio of the ion cur-
rent due to OF to that due to 0F9 is about lo7-204 over the entire 
temperature range, which is the ratio that was obtained for free 0F9 
(see Appendix C) o From the initial 0^F9 experiments, illustrated by 
FigD 12, in which only a small amount of 0F_ was present at 110° - 116°K, 
it appeared that an excess amount of OF was observed at those tempera-
tureso However, a detailed analysis of the mass spectra showed that the 
excess OF (m/e = 35) current was due to an overlap of the extremely 
large 0,_ ion current (m/e = 32) 0 
There was considerable difference in the mass spectra from 90° -
120°K shown in FigsD 10 and 11 from that obtained in the earlier experi-
+ + 
mentSo The major difference is that there are very large 0Fo and F,_ 
ion currents at 105° - 120°K in the more recent experiments, whereas 
these ion currents were very small in the earlier experiments,. The only 
difference in procedure used in these experiments was that the condensa-
tion-transfer tube was pumped from its lower end (l) continuously during 
the warmup process for these later experiments while this pumpout was 




Figure 12. Representative Variation of Ion Current Intensities with Temp-
erature of Some of the Most Interesting Ions Observed in the 
CUF Synthesis Experiments. The Reactor was not Pumped During 
Warmup. 
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In the earlier experiments the reactor was not pumped because it 
was feared that the more volatile reaction products might be pumped away 
so rapidly that very little sample would get into the mass spectrometer0 
However^ the fact that very little F„ or oxygen-fluorine species were 
observed at 105° -120°K in these earlier experiments indicated that the 
vapor of CLF^ was not being transferred into the mass spectrometer0 
Experiments with CO^ indicated that the transfer from the reactor space 
(4) along the gradient tube (19) and into the mass spectrometer was very 
slow unless there was continuous pumping at the lower end (l)0 Therefore^, 
it was concluded that the O^F^ was decomposing^, liberating large amounts 
of 0_9 and the resulting partial pressures of the several oxygen-fluorine 
species in the vapor phase were very small0 Hencep it was decided that 
continuous pumping of the reactor space to remove excess 0_ would 
result in a more rapid transfer of the sample along the gradient tube 
and a much larger partial pressure of CLF^ in the vapor phase0 Using 
this technique^ the quite different results shown in Figs0 10 and 11 
were obtaineds which supported the above arguments0 
The presence of small amounts of impurities in the feed gas (ioeOJ 
0F2, CF4S C2F6, N2, HF, N F ^ C O ^ H ^ SF6? and SiF 4), as well as 
others formed during the synthesis (i0e0$ N^F9» N9F4? C0F_? 0 , SO^F^, 
and additional SiF. and OF ') s made the interpretation of the mass spectra 
relatively difficulto The presence of ion currents at m/e = 66s 69 s 85̂ , 
and 104 due to SiF0 , N 0F 0 , and C0Fo % CF. % SiF0 and N 0F 0 § ai 
+ + + + + 
• 2* 2 , and C0F2 % CF % SiF and N~Fo 
+ + 
SiF. and N_F4 ? respectively^ made the unprejudiced procedure described 
in Chapter II for making mass assignments definitely necessary0 From 
the temperature required for the observation of the condensed impurities 
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of known vapor pressure, it was determined that a species exerted a 
-4 -5 
vapor pressure of 10 - 10 torr when it was first detected in the 
spectrometer and gave a maximum intensity when its vapor pressure was 
about Ool -loO torr0 These facts proved particularly valuable in 
determining the parent species of the ion currents that were observedo 
The parent ion of O9F9 (m/e = 70) was not observed even when 
the inlet system was raised above 150°Ko A very small signal at m/e = 70 
was observed only when a very large ion current was present at m/e = 69 
due to CF_ from CF. or C F,, and was evidently due to the isotope 
13 + 
C F„ o This heavier ion was determined (see Appendix C) to represent 
12 + approximately one per cent of the C F_ currento In addition, no ion 
currents due to 0. (m/e = 64), 0_F (m/e = 67), 0„F (m/e = 83), 
0„F9 (m/e = 86), or 04FQ (m/e = 102), were observed in either the 
OJr^ or 0_F_ experiments. The only time that an ion current at 
m/e = 86 was detected occurred when a relatively large current was 
present at m/e = 85 due to SiF „ The ratio of the m/e = 85 and 86 
ion currents was the same as that obtained for SiF. (see Appendix C) 
29 + / 
which indicated that only the isotope Si F was present at m/e = 86o 
There were very small ion currents at m/e = 67s 83, and 102 due to SOF , 
SO F , and SO.-F,- , respectively, from a small amount of sulfuryl fluo-
ride formed during the synthesis operation This was apparently formed 
as a result of the presence of SF, in the feed gasD The assignment of 
these ion currents to the fragments of SO F„ was based on their relative 
intensities and the temperature at which they exerted a maximum intensity 
(~ 140°K) O It was obvious that they were not due to 0oFo and 0„Fo since 
32 
they both decompose at temperatures below 120°Ko However, Nielsen 
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reported that he had observed Oq^o ancJ ^4^9 *n a m a s s spectrometer, 
as was discussed in Chapter I S) at temperatures above about 140°Ko In 
view of the facts that SCLF9 is apparently formed in the synthesis of 
the low temperature oxygen fluorides and give ion currents above about 
140°K that would correspond to ion currents that might be expected from 
0oFo and O.FOS it seems quite likely that Nielsen incorrectly assigned 
the ion currents from S09F9 to the higher oxygen fluorides0 
Appearance potentials were measured at several temperatures for 
the most interesting fragments in the mass spectrum from the 0_F~ 
-f 
experimentSo The appearance potential of 09 was measured at 77°, 90°s 
112° (0 F„ decomposition temperature), and 130°Ko It was found that 
A(CU ) at each of these temperatures was equal to l(0 )» The large 
amount of molecular 0 present as background interfered with the meas-
urement of the appearance potential of CU from the fragmented oxygen 
fluoridesj for̂ , under the usual assumptions^, it is clear that A(0 ) 
from these species is greater than l(09)o 
«J_ 
The appearance potential of OF at 85°K was measured (see FigD 
\ 6 
13) to be 15o8 ± 0o2 ev^ which is the value reported by Dibeler, et al ° 9 
and verified in this work9 for A(OF ) from OF^o Attempts to measure 
.4-
the appearance potential of the OF ion at the decomposition tempera-
ture of 0 F„ (110°-120°K) have been unsuccessful using the RPD or 
linear intercept methods due to the instability of the spectrometer as a 
result of the extremely large amounts of 09 and F9 that seem to be 
unavoidably presento However9 using the diminishing current method^ a 
4-
value approximately equal to A(OF ) from OF was obtainedo This 
would only indicate that the appearance potential of OF from the vapor 
.4-
phase of CLF^ is equal to or greater than that of OF from 0F9 
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Figure 13- Ionization Efficiency Data by the RPD Method for OF 
Observed at 80 -90 K in the O F Synthesis Experiments 
Illustrated by Fig. 11. Argon is the Standard. 
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since there was at least a small amount of free 0F9 present at that 
temperature0 In addition, the A(OF ) at 110° - 120°K was determined 
to be about 13o7 ev using the same technique, which is the value measured 
for the ionization potential of 0F9o The appearance potential of the 
0 ion was measured at 93°K, using the linear intercept method (see Fig0 
14)0 A value of A(0 ) = 1208 ± 0,2 ev was obtained which is in excel-
71 
lent agreement with the value reported by Herron and Schiff of 
12o80 ± 0o05 ev for the ionization potential of ozone0 
At 130°K, A(0 F ) and A(0F+), were measured to be 14o0 ± 0,1 
ev and 1705 ± 0o2 ev, respectively, and these values were found to be the 
same for both the 0̂ F» and O F . experiments0 The larger possible error 
in A(0F ) is due to the fact that the OF current was small, and it 
was much more difficult to make accurate measurementso This measurement 
was further complicated by the fact that some OF was present even at 
130°Ko The A(0F ) from OF of 15o8 ev is nearly two volts below the 
A(0F ) from O.F̂ o This problem was apparently solved by pumping on the 
sample continuously until no OF. could be observed on the oscilloscope 
+ 
before attempting to measure A(0F ) 0 This step usually required l05-
3o0 hours of pumping to remove all the 0F.o A(09F ) was measured ten 
times in a total of four synthesis experiments with an average deviation 
of ±0o05 ev from 14o0 ev, and with a maximum deviation of 0o15 ev0 These 
measurements will be discussed in detail later in this chapter*, 
Positive Ion Spectra (External Generator Synthesis)„ The fact that 
no direct evidence for molecular O F . was obtained using the in situ 
synthesis technique raised the question as to whether any O F . was 
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Figure ik. I o n i z a t i o n Eff ic iency Data for O Observed a t 90 -100 K in t h e 
O F Synthes is Experiments I l l u s t r a t e d by F ig . 10. Argon*' 
i s t he Standard . 
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liquid oxygen temperature (90°K) where O F . is a solid, an obvious way 
z z. 
of being certain that O.F. w a s in "the inlet system was to prepare it in 
glassware in an external system and transfer it directly into the inlet 
system at 90°Ko Therefore,, six O F . synthesis experiments were per-
formed using the pyrex external generator described in Chapter II0 In 
these experiments usually about 1-2 grams of O0F9 w a s synthesized at 
90°Ko Since 0-F^ is quite viscous at that temperature, it was neces-
sary to distill the sample into the inlet system0 This was accomplished 
by permitting the liquid CL refrigerant to slowly boil off while pumping 
continuously on the lower end (l) of the condensation tube, as was des-
cribed in Chapter II0 The inlet system was maintained at 77°K and was in 
analytical position (see FigD 4) to permit detection of any high vapor 
pressure species during this transfer operation As the liquid 0 cool-
ant boiled away, the dark red O F . could be seen slowly moving along 
the reactor drain line directly into the cryogenic inlet system0 In one 
experiment in which a relatively large sample of O F . was synthesized 
(3-5 grams) there were several flashes of light in the drain line as the 
sample was being transferredo After the sample was transferred into the 
inlet system, the mass spectrum as a function of temperature was obtained 
as in the in situ synthesis experiments0 
During the transfer operation of the 0 F9 samples into the 
inlet system, relatively large amounts of 0,?, F., and OF. were ob-
served in the mass spectrometer0 This indicated that some decomposition 
was occurring during the transfer, which would be expected according to 
22 
Solomon0 The mass spectrum as a function of temperature for these 
experiments was essentially the same as for the in situ synthesis 
80 
experiments,, which indicated that O F really was being prepared using 
the single electrode in situ arrangement*, 
In two of these experiments in which the inlet system was glass-
lined, there was a violent explosion shortly after the temperature of the 
outer chamber (22) was raised slightly*, The explosion "powdered" the 
4 
glass liner in the inlet system in both cases0 It has been reported 
that a mixture of O F and 0 explodes violently at 125°Ko Operation 
of the inlet system immediately before the explosions in this work indi-
cated that heat was being generated in the reactor space at such a rate 
that the outer chamber (22) could not be cooled back down even with the 
maximum liquid N» refrigerant input ratea Hence, it was concluded that 
the sample was probably heated excessively as a result of the heat liber-
ated by the combined action of the decomposition of O F . and the poor 
heat transfer between the glass liner and the cooled metal wallSo This 
could result in an explosion due to the presence of 0 in the sample*, 
A similar explosion has occurred in a glass lined inlet system similar to 
the one used in this work during an experiment in which pure ozone was 
being transferred into the mass spectrometer*, In later 0 F9 experi-
ments, using a glass liners the inlet system was warmed extremely slowly 
(~ 5°K/hr) and no explosion occurredo 
Negative Ion Spectra*, The failure to detect positive ions of 
O^F., OF, 0qF9S O.F, or O4F9 in the spectrometer made the inter-
pretation of the mass spectra difficulto It was hoped that a simultane-
ous examination of the positive and negative ion spectra would permit a 
more definite interpretation of the dataQ That is? it seemed that the 
negative ions of some of the above species might well be produced and be 
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stable in the mass spectrometer for the required time of about 50 
microseconds, which would thereby permit a more definite determination 
of the parent species of the positive ions that were observed (i0e0, 
+ + + -
OF , OF , and O F )Q In addition, if O F or O F could be 
detected, it would indicate that 0qFo is actually a molecular entity 
in the vapor phase0 The same would be true for O.F^ ^ 04F
 or 
0.Fo could be observedo Unfortunately, the Bendix mass spectrometer 
4 Z 
is not equipped to record negative ion currents0 However, the relative 
intensities of the several ions were estimated for these experiments 
by scaling from a display of the spectrum on the oscilloscope,, 
Table 2 gives the relative intensities of the negative ion cur-
rents, the energies at which they are first observed on the oscilloscope, 
and the electron energies at which they are at a maximum for an 0 F_ 
synthesis experiment in which the reactor was pumped continuously during 
the warmupo These data were obtained simultaneously with the positive ion 
data shown in Table 21 in Appendix Co The mass assignments for the 
various negative ion currents were relatively difficult to make since 
a trace of the spectrum could not be made0 However, a mass scale was 
constructed as discussed in Chapter II, and, in addition, gases giving 
known negative ions were added simultaneously when there was some quesi-
tion as to a particular mass assignmentc For instance, it was very dif-
ficult to determine from the mass scale whether or not the ion currents 
assigned to CFq (m/e = 69) and SiFq (m/e = 85) might possibly be 
O^F- (m/e = 70) and OF' (m/e = 86)0 This question was answered by 
injecting C_F, and SiF„ (which gave ion currents at CF_ and SiF. ) 
2. o "> 6 0 
into the mass spectrometer and noting that both observed ion currents 
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Table 20 Relative Abundances, Appearance Potentials, 
and Energies for Maximum Ion Currents of Negative 
Ions in an Ozone Difluoride Synthesis 
Experimento The Reactor Space was 
Pumped Continuously During Warmup 
Temperature Relative ' Intensities < and Energies 
(°K) 
b c 
IC OC 0™ F" °2" 
0F~ V V C F 3 " S02F " S1F3-
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(5) (9) (15) (15) 
92 97 100 75 3 1 < 1 - < 1 - 1 
(o) 
(5o5) 
(3»6) (4) (8»7) (16) (5o3) (13O6) 
96 104 100 75 4 3 < 1 < 1 < 1 - 3 
(0) (0o3) (lo5) (405) (5o7) (50) (3) (5o5) 
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(4) (3o7) (15) (3»7) 
121 125 50 100 5 10 5 - < 1 <1 5 
(0) (0) (0) (0) (4) (4) (19) (4) 
(8e) (3.8) (8e) (8) (8) 
130 126 30 100 35 10 7 - < 1 < 1 2 
(o) (0) 
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(o) (6) (18) (6) 
('*) (3o2) (8) 





The first number gives the estimated relative intensity of ions for 
that temperature0 There is no relation between the intensities at dif-
ferent temperatureso The first number in parentheses is the energy at 
which the ion current can first be detected on the oscilloscope. The 
second number in parentheses is the energy at which the ion current is a 
maximum. 
Q 
No sharp maximum was observed0 Either the maximum was very broad or the 
ion current merely continued to increase with increasing electron energy0 
The value stnywn simply indicates that the signal is quite intense at that 
energy0 
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increased and no adjacent peaks were detectedo This definitely proved 
that the mass assignments were correcto 
The electron energy scale could not be calibrated for negative 
ionso However, it seems reasonable to assume that the scale is accurate 
within ±1 ev since the correction factor for the positive ion scale has 
been shown to almost always fall within this range0 In any case, it can 
be seen from Table 2 that 0 , F , 0_ , and OF" are all observed on 
the oscilloscope at the lowest obtainable electron energieso This indi-
cates that either the ions are formed on the surface of the ion source 
filament, which seems unlikely,, or they are formed by thermal electrons 
from the filamento The behavior of the 0F~ ion with varying electron 
energy at 85°K and 116°K was essentially the same as that obtained with 
OF^ (see Appendix C) Q 
Discussion of the Mass Spectrum of the Low 
Temperature Oxygen Fluorides 
The intense OF and OF^ ion currents observed at 82° - 90°K 
in the 0_F^ synthesis experiments were evidently arising from free 
OF^ since the measured A(OF ) of 15o8 ev, using the RPD method, was 
the same as reported from an earlier electron impact study of OF 0 
Further evidence that this was free OF^ is that the ratio of OF and 
OF was the same as that obtained for a sample of 0F^o There is also 
a maximum in the 09 and F9 ion currents at this same temperature 
region» It seems probable that OF , 0 , and F9 were adsorbed in the 
solid Oo^o a"t 77°K and were evolved rapidly as the sample melted at 
83° - 84°Ko Otherwise, all three of these species would be pumped away 
at 77°K since OF , 0 , and F have vapor pressures of about 1, 100, 
84 
and 400 torr, respectively, at that temperature0 In one experiment the 
sample was pumped continuously for about four hours before the warmup 
process was begunD However^ the maximum ion currents at 82° - 90°K were 
still obtainedo Another possible explanation for these maximum ion cur-
rents could be that a small amount of O.F^ is formed during the syn-
thesis and decomposes in that temperature range0 Since no ions were 
observed that could be definitely attributed to Ô Fos it appears that 
the significance of this last explanation cannot be established using the 
mass spectrometer0 
The very large maximum in the 0^ ion current at 90° - 98°K was 
evidently due to free ozone formed during the synthesis operation There 
are two very good reasons for this conclusion Firsts the measured A(Q~ ) 
was, using the linear intercept method^ essentially the same as the 
71 + 
reported ionization potential of ozone0 Second,, the 0^ current had 
a maximum at a temperature at which ozone has a vapor pressure of approxi-
mately one torr (93°K)0 From Fige 11 it can be seen that CO also had 
a maximum where its vapor pressure is about Od torrD In addition, the 
other impurities SF,, SiF., H9S, CF.? and C^F. all had maximum 
intensities at temperatures where their vapor pressures were in the range 
of 0ol -lo0 torr0 The fact that ozone has a maximum at the upper end of 
this range is probably due to the fact that it is completely soluble in 
both 0^9 and O^o? which would reduce its partial pressure in the 
vapor phaseo 
The mass spectrum in the temperature range of 105° - 122°K was the 
object of considerable investigation since this is the region in which 
CLF^ should be distilled into the mass spectrometer (the vapor pressure 
85 
of O^Fo has been reported to be 1,0 torr at 110°K), and where CL^o 
begins to decompose fairly rapidly into CLF^ anc* ^?° Actually, ^o^o 
should be detectable well below 94°K where it has a vapor pressure of 
about Ool torrQ In the initial experiments (Fig<, 12) there was a very 
small maximum in the OF and CL currents and an extremely large 0_ 
+ + 
current in this temperature region0 It was assumed that the OF and 0 
maxima were probably due to free 0F_ and 0,. which had been matrix 
trapped in the solid 0_F_ which melts at 109°Ko The 0. ion current 
was about ten times greater than the amount that could be attributed to 
the small amount of ozoneQ 
In the more recent experiments illustrated by Figs0 10 and 11 in 
which the reactor was pumped continuously, there were very large OF , 
+ + + 
OF , and F currents in addition to the very large 0_ current^ 
with all having maxima at about 114°K0 The measured A(0F ) and A(0F« ), 
using the diminishing current method, indicated that there was some free 
0F~ presento In addition,, the ratio of OF and 0F_ was the same as 
that for free OF 0 It does not appear that these ions could be due to 
free 0F_ formed in the synthesis reaction since it has a vapor pressure 
of about 300 torr at 114°K and would have been pumped away at a much 
22 
lower temperatureo For instance^ Solomon has reported that free 0F~ 
can be essentially completely pumped away from samples of O F . below 
90°Ko Ozone has a vapor pressure of about 15 torr at 114°K, which is 
considerably lower than that of 0F~ at that temperature, and, in addi-
tion? both 0F_ and 0^ are completely soluble in 0_F9 and CLF^o 
However, the 0,. ion from ozone has a maximum at a much lower tempera-
ture (95°K) than this temperature of 114°K0 Therefore, it would appear 
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that 0F» would have appeared with maximum ion currents at a temperature 
lower than 95°K0 These facts indicate that the OF and OF- were 
probably resulting from free 0F_ arising from the decomposition of 
0 Fp and not from OF^ present from the synthesis0 Similarly, the large 
F current could not be due to excess F from the synthesis,, It has a 
vapor pressure of about 400 torr at 77°K and is essentially insoluble in 
both 0 F„ and Oq^o? which certainly indicates that it would have been 
pumped away at 77°Ko 
There was an appreciable amount of O F in the temperature region 
of 105° - 122°K, but it appears that most of it is probably due to the 
7°Kt initial vapors of 0_F„ which has a vapor pressure of Od torr at 11 
In addition,, the A(0 F ) was measured to be about 14o0 ev, using the dim-
om inishing current method, which is the same value obtained for 0_F fr 
0 F»o However, the variation of the 0_F current with temperature (see 
Figc 10) indicated that at least a small fraction of it was due to the 
vapor phase of 0_F„o The sharp maximum in the F ion current at 
118° - 122°K was probably due to an overlap of F resulting from the 
large amount of F at 105° - 122°K (apparently due to decomposition of 
O i J and F resulting from the initially vaporizing 0-F„o 
The large 0 , 0_ , F , F» , OF , and 0_F ion currents at 
122° - 135°K are evidently due to fragmentation and thermal decomposition 
of 0_F» in the mass spectrometer0 The fact that the parent iony 0-F^ ? 
was not observed resulted in consideration that the 0-F and OF ions 
were produced from the Ô F free radical0 However, energy measurements 
showed that this was not the cases and these results will be discussed in 
the next section of this chapterQ Without regard to the energy measurements, 
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it would be expected that these ions were due to O9F9 since it has a 
vapor pressure of about loO torr at 130°K and should give maximum ion 
currents at about that temperature as was discussed earlier0 
From the above discussion it seems obvious that the presence of 
the large amounts of 0 , F , OF , CL , F~ , and OF at 105° -
122°K could only be due to (a) the fragmentation of 0qFo or a branched 
isomer of O9F9 in "the mass spectrometer, or (b) the thermal decomposition 
of C> F9 in "the inlet system forming CLj, F_, and OF^o If the 0F9 
was due to fragmentation of O0F9 o r 0=OF 9, due to electron bombard-
ment, it seems that there would probably be a much larger amount of 0_Fo 
This would certainly be expected since the epr studies have indicated the 
presence of a fairly large percentage (5 - 10 per cent) of the CLF radi-
cal in liquid 0q^9° ^ n e fac"t that no positive or negative ions were 
detected that would indicate the presence of molecular CLF9 certainly 
suggests the possibility that it does not vaporize as a molecular species,, 
That is, the species could possibly vaporize as CLF and OF radicals0 
This would be analogous to the N9O0 species which vaporizes as NO,_ 
and N0o However, if this were the case, the appearance potentials of 
CLF and OF would be equal to the ionization potentials of these 
radicals, but this did not seem to be in fact the situation as was indi-
cated by the energy measurements using the diminishing current methodo 
Another explanation for the failure to detect molecular CLF^ could be 
that none of the ions of the larger fragments of the species, i0e0, 
CLF0 , CLF , 0_Fo , and CLF , are stable for the 50 microseconds 3 2 ' 3 3 2 ' 3 
required for detection by the Bendix TOF machinec Since it has been 
11 22 
reported * that 0q
F9 c a n ^e distilled at temperatures of 100° - 110°K 
and no evidence for free 0_F or OF was obtained, it seems that the 
possibility that the larger ions are not sufficiently stable for detec-
tion is the most reasonable onec 
The large amount of 0F? at 105° - 122°K suggests the two possi-
bilities, (a) 0 J 9 has both fluorine atoms on the same oxygen atom, or 
(b) CLF̂ , decomposes forming at least small amounts of 0F~o The spectrum 
could arise from the thermal decomposition of an appreciable amount of a 
branched isomer of dioxygen difluoride, O m QFQ, as was mentioned above0 
However, from the proposed electronic structure of this isomer of 0̂ F„ 
(see Appendix A) s one would predict that 0.:̂  OF would not decompose to 
OF^ and 0^ since that would require a breaking of the strong 0=0 bond 
that the structure implies0 In any case, there seems to be no strong 
basis for assuming that this branched isomer is presento 
Over the past 6 - 8 years there have been many investigations of 
O F . as were summarized in Chapter I„ However, there has been no direct 
determination of the structure of this specieso In fact, there have 
been no proposed structures of this species except that of Siegel and 
72 
Schieler, who suggested that 0Q FO and O.F„ might be O9F9 with 
one and two 0 atoms, respectively, loosely bonded to the 0 atoms of 
Ô F-o The major reason for this proposal was apparently due to the 
fact that it would offer an easy path for decomposition into 0«Fp and 
0^ which did not appear available for other structures, such as the chain 
arrangemento It is obvious that the mass spectral data discussed above 
did not permit a definite solution to this problem0 However, it seems 
that an attempt should be made to propose a structure for 0_F« and a 
mechanism for its thermal decomposition that would agree with the mass 
89 
spectrometries, electron paramagnetic resonance, infrared, and nuclear 
magnetic resonance data that are available, as well as the physical and 
chemical properties of the species0 
A systematic analysis of the possible electronic structures of 
known and unknown molecules, radicals, and ions that are composed of 
oxygen and fluorine is presented in Appendix A of this thesis0 The con-
clusions of this analysis will be incorporated into the following discus-
sion without a detailed explanations Justification for the conclusions 
concerning the electronic structures of the various species can be ob-
tained from that appendix0 
Since the O^Fo species has a well defined melting point and 
other characteristic physical and chemical properties, it seems quite 
likely that it is a molecular entity in the liquid and solid phase and 
possibly in the vapor phase as discussed above0 Assuming that this 
was the case, the most likely electronic structure of this species has 
been concluded to be a combination of, 
(A) (B) 
using the description of the double quartet modification of the octet 
rule (see Appendix A)o All four possible arrangements of the atoms were 
considered, and several other electronic structures appeared acceptable 
but not as favorable as the above two0 This conclusion is quite inter-
esting because it will be shown now that structures (A) and (B) will 
agree with essentially all the data available for 0 F0o The most 
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important data that the model must satisfy are that (a) the liquid phase 
contains the O F free radical in concentrations of 5-10 per cent, (b) 
it decomposes primarily into 0.~F9 and 0_ but also into 09 and 0F9 
to some extent, and (c) mixtures of ° F^ and O F . give only a single 
19 F nmr signal and that signal simply shifts its position as the relative 
concentrations of O.F. and 0_F9 are changedo 
Examination of the electronic structures (A) and (B) show that 
they both have the basic electronic features of the OF and 0_F radi-
cals (which were discussed in Chapter I and Appendix A) joined by a single 
electron bond which would be expected to be quite weako This indicated 
weak bond between the two oxygen-fluorine radicals should not be con-
sidered unusual in view of the fact that there are several species 
reported in the literature which contain relatively weakly bonded oxygen-
fluorine radicalSo Some examples of such species are NO °OF, C10°OF, 
SF5°0F, FS02oOF, and FS02°02Fo
37,?2 Infrared studies73 of SF^^OF 
have indicated that the S-0 bond in that species has a relatively low 
fundamental stretching frequency^ being 614 cm or 585 cm 9 and that 
the 0-F bond has a relatively high fundamental stretching frequency of 
888 cm o This would indicate that the S-0 bond energy is near that 
of the 0-F bond energy in 09F9 and OF, which have 0-F fundamen-
-1 -1 25 
tal stretching frequencies of 615 cm and 584 cm , respectively., 
Since it has been proposed $ that the 0-F bonds of 0-F,- and 09F 
are single electron bonds, it might be assumed that a single electron 
bond between the OF and SF_ radicals is a reasonable description of 
the SF »OF molecule0 This description would certainly be analogous to 
37 
the structure proposed above for ^0^9° ^Pr studies of the uv 
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irradiation products of FSCUoO F have shown that the FS09 and O F 
radicals are formed, which indicates that the S-0 bond in this molecule 
is probably its weakest bondo This species, FS0°09F, would appear to 
be quite similar to O.F9, which has been shown by ir studies to have 
the basic features of two very loosely bonded CUF radicals,, In addition, 
it appears that the electronic structure of O4F9 seems to be reasonably 
well represented by two 0QF radicals joined by a single electron bond 
(see Appendix A)„ 
In view of these several instances of oxygen-fluorine radicals 
being weakly bonded to other radicals, it seems reasonable to assume 
that the description of structures (A) and (B) for FO °0F is qualita-
tively reasonable and that a thermal decomposition into O F and OF 
would definitely be favorable0 The free radicals could then react in 
one of two ways, forming either O9F9 and 09 or 0F9 and 09o The 
entire decomposition could be represented by the following equations0 
(II) (III) 
— — * 0 o F 9 + 2F0 ° - 209F9 + 09 
fast 2 2 2 slow 2 2 2 
<I} 2F02°0F ^ 2F0 0 + 2F0° (l) 
+ 202 
Reaction II would be expected to be quite rapid since all investigations 
have indicated that the OF radical is extremely reactivec This dimeriza-
tion of OF to O9F9 would certainly be energetically favorable, being 
exothermic by about 100 Kcal and would probably have an activation energy 
of zero as indicated by ir studies of the radicalo Reaction III repre-
sents an abstraction of a fluorine atom from an 09F radical by a second 
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O F radical, giving O9F9 and 0 „ It would be expected that this would 
be a rather slow reaction at low temperatures in view of epr studies which 
indicate that Ô F is relatively long lived at 90°Ko This conclusion 
would be further supported by the fact that the reaction of two O F radi-
cals to give O9F9 and 0 would be exothermic by only about 2o3 Kcal, 
which certainly does not represent an appreciable decrease in the energy 
of the system0 Reaction IV represents the abstraction of a F atom from the 
O F̂ radical by the OF radical„ This reaction would certainly appear to 
be energetically favorable (exothermic by about 49 Kcal), but it would 
not seem any more favorable than the simple dimerization of OF as indi-
cated by reaction II0 Actually, it would be expected that II would pos-
sibly be much more rapid than III, since essentially every collision of 
two OF radicals would be expected to result in dimerization (reaction II), 
whereas a collision of Ô F and OF could result either in abstraction 
of an F atom from 0,_F (reaction IV) or the reformation of FO°OF 
(reverse of reaction l)0 
In view of the above statements it certainly seems plausible that 
formation of 09
F9 and 0 from F09°0F by way of reactions I, II, and 
III would predominate over the formation of OF- and 0_ by way of reac-
tions I and IVo This would account for the fact that other investigators 
have reported that CUF^ decomposes into O9F9 and 09, but have not 
detected the simultaneous formation of OF as indicated by the maximum 
ion currents that were observed in the mass spectrometer in this work at 
the decomposition temperature of 110° - 120°Ko The fact that relatively 
large concentrations of the 0_F radical occur in the liquid phase of 
FO °0F would also be accounted for by the above mechanism0 That is, once 
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an 0oF9 molecule dissociates into F0_ and OF and the OF radical is 
removed by reaction II, the 0,-F radical has no favorable path for reac-
tion except as given by reaction III which would be expected to be rela-
tively slowo 
The investigation of O^o *n these studies required the distil-
lation of the sample a distance of 40 cm from the reactor space (4) to the 
inlet port (10) of the mass spectrometer0 During this distillation O0F9 
would be decomposing according to the reactions I through IV, forming 
copious quantities of 0 , 0_F_, and 0F_o In addition, it would be 
expected that some F would be formed during the transfer, as well as 
in the spectrometer, due to decomposition of O9F9 into 0_ and F,~o 
As O9F9 was formed it would be condensed on the walls of the transfer 
tube, but the 0 , F„, and OF would noto Consequently, large quanti-
ties of these gaseous species would be emitted into the spectrometer, 
and the partial pressure of other species would be expected to be quite 
smallo This would account for the relatively small O F current that 
was observedo 
The nmr results from a study of a mixture of CLF9 and 0,-F,-,, 
discussed in Chapter I, were considered rather unusual in that it would 
19 be expected that there would be two F signals, one characteristic 
of O9F9 and the other characteristic of 0 F~, but only one signal 
was observedo However, the presence of a single signal would be accounted 
for if the exchange rate of the F atoms on the various species was very 
rapid; that is, if the F atoms are quite mobile0 This certainly does not 
seem impossible in view of the very weak 0-F bonds in these species0 
The location of the nmr signal for such a situation would depend on the 
94 
relative concentrations of CLF^ and CLFo0 That is$ as the concentra-
3 2 2 2 
tion of the O F , was decreased and the concentration of O.F. was 
increased^ the single signal would shift in the direction of the char-
acteristic signal of O^F.o When all the CLF9 was decomposed^ only 
the characteristic signal of O F . would be observedo This would explain 
the observation of a single ntnr signal from the CUF,? ~ ^o^o mixture and 
and the shift of this signal as a result of the decomposition of 0_F. 
into 09F9 and 0. as the sample was warmed0 
25 Finally^ Arkell has made the interesting observation that when 
0 F. was photolyzed in an 0. matrix at 4°KS 0 F. was formed and 
18 
0 F. decreased^ as was discussed in Chapter I0 He suggested the fol-
lowing exchange mechanism involving 0 F „ as an explanation for the 
formation of 0 Fo0 
018 F + 0 16 s F018016016F _ 016 + 016018 (2) 
2 2 2 
He also reported that there was a simultaneous formation of the 
O F . molecule and the O F radical during this photolysis0 It is 
i /f 
obvious that the formation of the 0 F^, as well as the O.F and O.F.; 
would be explained by the model involving reactions I-IV for the decompo-
sition of O-F.c However, there are certainly other mechanisms by which 
these species could be formedo 
The electronic structures of Oo^o anc* its mechanism for thermal 
decomposition that is proposed here certainly does not represent the 
final word on this unusual species0 However^ it is interesting that a 
new and relatively simple qualitative theoretical analysis (the double 
quartet approach) of the species has led to the conclusion that CUF. 
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would be expected to have a chain structurê , having the basic features of 
an O F radical and OF radical loosely bonded together^ and that 
description seems to agree quite well with the mass spectrometries epr̂ , 
irs and nmr data that are available^ as well as the physical and chemical 
properties of the specieso Add to that the fact that similar instances 
of molecules containing loosely bonded oxygen-fluorine free radicals are 
already known? and it seems that the proposed electronic structure and 
mechanism for decomposition for Oq^o should be considered reasonably 
satisfactory until more definitive data can be obtainedo 
Energetics of Dioxyqen Difluoride 
+ + 
The appearance potentials of the OF and O^F ions were meas-
£ Q 
ured at 130°K using the retarding potential difference (RPD) method and 
linear intercept methodo In addition^ A(09F ) was measured using the 
69 semilog matching method and it will be discussed later along with the 
energy measurements on the Ô F free radical0 Figsc 15 and 16 show the 
+ + + 
ionization efficiency curves of the OF and O.F ions which gave A(OF ) 
17o5 ± 0o2 ev and A(0 F ) = 1400 ± Od ev using the RPD methodo For the 
measurement of A(Q~F ) both argon and nitrogen were used to calibrate 
the energy scale*, but only argon was used in the measurement of A(OF ) 0 
FigSo 17 and 18 show the ionization efficiency curves for OF and 
02F
+ which gave A(OF+) = 17„6 ± 0o3 ev and A(09F
+) = 14o0 ± 0o2 ev 
using the linear intercept methodo In the following discussion the two 
+ + 
values for A(OF ) and A(09F ) determined by the RPD method will be 
used to develop the energetics of the O9F9 molecule0 This development 
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was completed and published before initiation of the 09F free radical 
investigationSo These latter investigations substantiated the earlier 
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Figure 15. Ionization Efficiency Data for OF from O F Using the RPD 
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Figure l6. Ionization Efficiency Data for O F from O F using the 
RPD Method with Argon and Nitrogen as the Standards. 
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Figure IT. Ionization Efficiency Data for OF from O F With Argon 
as the Standard. 
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Figure 18. I o n i z a t i o n Eff ic iency Data for O F from O F With Argon 
as the Standard. 
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results as will be shown in the next section of this chapter,. Therefore, 
the O9F9 energetics will be discussed without use of the later data on 
the 0,-F radical, to illustrate the reasonableness of the results0 
+ + 
In determining the source of the 0,-F and OF ions for which 
the appearance potentials were measured, several possibilities were con-
sidered, including ion pair production However, all possibilities except 
the following three were easily eliminated on the basis of energetic 
arguments*, 
Case I: 
02F2 + e - 02F
+ + F + 2e (3) 
and 02F2 + e - 0F
f + OF + 2e (4) 
Case II; 
02F2 + e - 02F
+ + F + 2e (5) 
and 02F2 + e - 0F
+ + 0 + F + 2e (6) 
Case III (Free O F as the Source)? 
02F + e - 02F
+ + 2e (7) 
and 0 F + e - 0F+ + 0 + 2e (8) 
For instance, assuming ion pair production for Equation (3) above, results 
in D(0 - F) = -3o9 ev which is obviously not reasonable*, Dibeler, et 
aloe, made electron impact studies on the 0F9 molecule and reported 
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on 
A(OF +) D R = 1508 ev, I (OF) = 13o0 ev, and D(OF) = I d evQ In the follow-
ing discussion it will be shown that these energetics for OF and the 
appearance potentials of the O F and OF ions from CUFp measured 
in these experiments at 130°K are mutually consistent and indicate rather 
conclusively that these ions are fragments of the Oo^o molecule formed 
by the processes represented by Equations (3) and (4) in Case I0 There-
fore, this case will be discussed first, and justification for eliminati 
of Cases II and III will be discussed lasto In view of the fact that 
Arkell, et alo9 have estimated that D(O-F) might be as high as 204 ev 
47 49 
from their infrared studies and kinetic data ? have indicated it is 
about 2ol ev, the effect on the energetics of 0o F 9 using this larger 
value will be discussed^ but it will be shown that the results are not 
consistent with existing thermochemical and microwave data0 
Case L Neglecting any excess kinetic energy or internal excitation, the 
appearance potentials are given by 
A(0 2F
+) I = D(F-02F) + l(02F) (9) 
and A(OF+) = D(FO-OF) + I(OF) (10) 
From our measured A(OF ) of 1705 ev and Equation (10), the 
0-0 bond energy in CUF.? can be calculated directly0 D(FO-OF) = 1705 
- 13o0 = 405 ± 0o2 ev or 103o5 ± 5 Kcalo This results in an experimental 
energy of atomization for 0oFo, E (0oFo)_, of 103o5 + 2(2504) = 
z z. a 2. z h 
15403 Kcal = 6,7 ev, for the process 0 F2 - 2(OF) - 2(0) + 2(F)„ Since 
12 
the the heat of formation of 0„Fo has been measured calorimetrically, 
2 2 J the energy of atomization can also be calculated thermodynamically using 
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AHf°(0 F ) = 407 Kcal/mole, AH°(0) = 59o2 Kcal/mole and AHf°(F) = 
18o9 Kcal/mole to give a heat of atomization at 298°K of 6o55 ev„ Calcu-
lations have shown that this value is equal to the thermochemical energy 
of atomization, E (0^Fo)„, at 130°K within the experimental error, and 
a 2. Z 1 
it is seen to agree very well with the value obtained from our low temper-
ature electron impact data» 
The consistency of the A(0F ) from O F . obtained in our experi-
ments and the data reported by Dibeler, et alo9 (DRF) in their investiga-
tion of 0F9 can be better illustrated by the following equation, 
Ea(02F2)E = A(OF
+)I - A(OF
+)DRp - A(F") - EA(F) + K0E, +2Ea(0F2)T (ll) 
where A(F ) = 102 ev and KoEo = 2o0 ev are the appearance potential of 
the negative fluorine atom and the excess kinetic energy respectively 
measured by DRF for the process 0F2 + e - OF + F~ + KoE0 EA(F) = 3=6 ev 
is the electron affinity of the fluorine atom and E (0F_)_ = 309 ev is 
1 a 2 T 
the thermochemical energy of atomization of 0F_ calculated from its 




 = 1 7 ° 5 " 1 5 ° 8 " l o 2 ~ 3 o 6 + 2 o 0 + 2(3°9) = 6 o 7 e v 
wh ich is in very good agreement with E (0-F' )_ = 6o55 evc 
This excellent agreement between E (O.F_)_ and E (0_F_)_ 
a 2 2 T a 2 2 E 
indicates that the experimental values obtained by DRF and our measured 
A(0F ) are reasonably accurate and the process given by Equation (4) 
really does occur without any significant excess kinetic energy0 This 
in turn would indicate that the resulting D(FO-OF) = 4„5 ev is a good 
value0 The fact that this bond energy is nearly as large as that of 0_? 
D(02) = 5o08 ev, also agrees qualitatively with the microwave data of 
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Jackson who repor ted a very shor t 0=0 bond length in 0oFo of 1022A 
which i s nea r ly equal t o the bond leng th in 0 9 of 1Q21 Ac I t a l s o 
ag rees with the following e l e c t r o n i c s t r u c t u r e s proposed for F00F 
i l ' A ' U A!
 A = I -
— F » 0-f-O ° r— and — F ° 0 — 0 A F — 
1 1 * 1 1 I I I I 
(C) (D) 
(see Appendix A) in which the 0-0 bond is a four electron bondo 
Since the energy of atomization of a molecule is independent of 
the path followed, we can write 
Ea(°2F2)E = 6 o 7 ev = D ( F " ° 2
F ) + D ( 0 2 " F ) + D (°2 ) (l2) 
= D(F-02F) + D(0-0F) + D(0F) (13) 
From the known bond energy of oxygen^ D(0„) = 5ol evs and Equation (12) 
D(F-02F) + D(02-F) = 6o7-5ol = l»6 ev (14) 
and from Equation (13) 
D(F-02F) + D(0-0F) = 6o7-lol = 5o6 ev (15) 
Equation (14) shows that the 0-F bonds in Oo^o are unusually weako 
This also agrees qualitatively with the microwave results which indicated 
an unusually long 0-F bond length of 1058 % for this molecule,? as well 
as the proposed structures (C) and (D) in which the 0-F bonds are single 
electron bondso 
In order to calculate D(0-0F) from Equation (15) 9 it is 
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necessary to estimate the relative values of D(F-0 F) and D(0 -F)„ 
A reasonable assumption would be that these two bond energies are equal0 
This would give D(F~02F) = D(02 - F) = 0,8 ev0 Actually, we might 
expect D(F-09F) to be 10=15 per cent greater than D(Q -F) s but this 
would result in an error of only ~ 0ol ev in the estimated value of 0o8 
evo Levy and Wesley have estimated that D(O--F) = 15 Kcal = 0„7 ev 
f. 1 
from kinetic data on the thermal decomposition of ^^n° 
Using the estimated value of D(F-0 F) = 0 = 8 ev, Equation (15) 
gives D(O-OF) = 5o6»0o8 = 408 ev = 110 Kcal0 This appears qualita-
tively in the right range since we would expect D(O-OF) to be greater 
than D(FO-OF) which was found to be 405 evj and it would certainly 
be less than D(O^) of 5o08 ev0 In view of this last statement,, we 
would also have predicted from Equation (15) that D(F - O^F) would be 
less than 5o6-4Q5 = 1,1 ev and certainly greater than 5o6-50l = 0o5 ev0 
Using these extreme limits we would say that D(F-02F) = 0„8 ± 0o3 ev 
which is the value obtained above by simply assuming that D(F - 09F) = 
D(0 2-F) o 
We have not needed our measured appearance potential of the O F 
ion? A(09F ) = 14o0 ± 0„l ev3 to obtain any of the above results,, but 
it is needed to estimate the ionization potential of the OJF free 
radicalo In order to qualitatively check the consistency of the measured 
A(0 F ) and the assumption that no excess kinetic energy is formed in 
the process given by Equation (3)9 the energy of atomization can be * 
written as 
Ea(°2F2)E = A(°2
F+)I + D ( 0 2 + " F ) + D (°2 + ) " l ( 0 ) ( l 6 ) 
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Using the known values of D(0 ) = 6048 ev and l(0) = 1306 ev, Equation 
(16) gives D(0 + -F) = 6o7 - 14o0 - 6048 + 13o6 = -0.18 ev« This would 
indicate that the CLF ion is unstable, but we know that it is stable 
for at least 50 microseconds since it is observed in the mass spectrometer0 
The most reasonable explanation of this observation is that the formation 
of the 0,-F ion is actually accompanied by at least a small amount of 
excess kinetic energyQ Without actually measuring the excess kinetic 
energy^ an accurate value for l(O^F) cannot be calculatedo However, 
using the observed A(09F ) = 14o0 ev gives an upper limit from Equation 
(9) of 1(0^) < 14o0-0o8 = 1302 ev0 A reasonable estimate of the excess 
kinetic energy can be made from an analogy with the hydrogen peroxide 
molecule0 The dissociation energies of the analogous species from Ĥ O,-
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have been measured by electron impact methods to be DC!-!-©,-,) = 2»0 ev 
and D C H - O . ) = 1„9 ev, or the dissociation energies of the free radical 
and the ion are essentially equal„ If we assume that this is the case for 
the 0_F_ molecule^ then D(0_ - F) = D(0~ - F) = O08 evQ Then we can 
calculate a probable upper limit of the excess kinetic energy from the 
following equation^ 
Ea(02F2)E = 607 = A(02F
+)I - K0Eo + D(02
+ - F) + D(02
+) -l(0) (17) 
This gives K0E0 = 14o0 + 0o8 + 6o48 - 13o6 - 6c7 = lo0 evQ Making a cor-
rection for this excess energy of 1„0 ev in Equation (9) gives an approxi-
mate value of 1(0 F) = 14,0 - 1„0 - 0o8 = 12..2 ev0 This seems like a 
reasonable value in view of the fact that 1(0.) = 1202 ev and I (HO,-) = 
70 
11.5 evo The fact that this estimated value of l(09F) is equal to 
l(0o) is coincidentalj but we would expect that it would probably be 
106 
between l(0 ) and I(HO ) since the fluorine atom is only loosely 
bonded to 0 in OF, 
Since the parent peak of OF. was not observed,, it is impossible 
to measure the l(0 F j directly^ but we can say that 1(0 F j < 
A(0 F ) = 14,0 evo This gives a maximum for l(0 F„), but a more reason-
able value would be nearer 13o0 ev9 which takes into account the estimated 
excess kinetic energy of loO ev0 
Case Ho The appearance potential of the O F ion is the same as in 
Case I and is given by Equation (,9)0 The appearance potential of the OF 
ion is given by 
A(OF +) n = D(F-02F) + D(O-OF) + l(OF) (18) 
The A(OF )TT required for this process can be readily calculated 
from Equation (18) using D(F - 02F) + D(O-OF) =
 E
a(°2
F2^T " D^0F^ = 
606 - Id = bob evo This gives A(OF+) = bob + 13o0 = 18o5 evs which 
is loO ev greater than the measured value of 17„5 ev which means that the 
process of Equation (6) is not correcto 
Case IIIo In this case it is assumed that the O F and OF ions are 
arising from the Ô F free radicalo Therefore, A(O.F ) = 1(0 F) = 
14o0 ev and the appearance potential of the OF ion is given by 
A ( O F + ) m = I(02F) + D(0-OF
+) (19) 
Equation (19) gives D(0-OF+) = 1705 - 14o0 = 3o5 evD From the relation 
D(0 - OF+) + D(0+ - F) = D(02
+ -F) + D(02
+) (20) 
and the dissociation energy of the OF ion, D(OF ) = 1„7 ev5 reported 
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by DRF,6 a value of D(0 + - F) = 3o5 + 107 - 6048 = -1„3 ev is obtainedo 
This is an unlikely value and indicates that the observed appearance 
potentials are not consistent for the assumption of a free OF radicalo 
Since there are no other processes that are energetically reason-
able and the results obtained for Case I are consistent with both the 
available thermochemical and microwave data, it seems evident that the 
O F and OF ions are formed by the processes given by Equations (3) 
and (4)0 
If the dissociation energy of OF is equal to about 2Q1 ev as 
47 49 56 
indicated by kinetic $ and infrared studies, rather than LI ev, as 
measured by DRF, then it appears that the ionization potential of OF 
of 13o0 ev would also be lo0 ev too low0 This would certainly seem to 
be the case since the A(0F ) = 15o8 ev from 0F_ reported by DRF was 
verified in this work, so I(OF) = A(0F+) - D(F - OF) = A(0F+) - Ea(0F2)T 
+ D(0 - F) = 15o8 - 3o9 + 2ol = 14o0 ev„ In addition, the appearance 
potential of OF from 09F9 measured in this work would be too high 
for the mechanism given by Equation (4)0 As shown earlier from thermo-
chemical data, Ea(°2
F2^ = 6 o 6 e v = D(F°-°F) + 2D(0-F)0 Therefore, for 
D(O-F) = 2d ev, D(FO-OF) = 204 ev, so A(OF
+) for Equation (l) can 
be calculated from Equation (20) to be 16o4 ev which is 1„1 ev lower than 
the measured value of 1705 ev0 This certainly does not seem possible 
since it would be expected that the measured A(0F ) would be too low, 
if any thing, as a result of small amounts of free 0F_ that might be 
presento This indicates that mechanisms other than Equation (4) for the 
formation of OF should be considered,. If the mechanism were given by 
Equation (6), then A(0F ) can be calculated to be 1808 ev which does not 
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seem reasonable since it is 103 ev higher than the measured value0 If 
the mechanism involved ion pair production as follows^ 
°2F2 + e "* 0 F + + 0F" + e ^21^ 
the A(0F+) should be about equal to 16o4 - EA(OF) which is certainly 
not reasonable0 If the process 
°2F2 + e '" OF+ + 0 + F~ + e (22) 
w ere occurring^ then A(OF ) should be 18o8 - EA(F) = 18o8 - 3o6 = 1502 
ev which is definitely too low0 Therefore, it appears that there is no 
mechanism for formation of OF that would be consistent with its 
measured appearance potential of 1705 ev and a OF bond energy of 2d 
evo Regardless of these facts., the 0-0 bond energy of 204 ev calculated 
12 
above for 0_F9 using only thermochemical data seems too low in view of 
2 
the microwave data which indicated that its bond length was essentially 
equal to the bond length of 0«o In addition., the infrared studies have 
indicated that the 0-0 force constant in these higher oxygen fluorides 
is very close to that of 0 „ Both of these studies, as well as the pro-
posed electronic structures^ (C) and (0)5, would indicate a very strong 
0-0 bond in 0„F relative to that in H 0,?o However, Foner and 
70 
Hudson have reported the D(H0 - OH) = 202 ev which is essentially 
equal to D(F0 - OF) = 2G4 ev obtained for the case where D(0 - F) is 
taken to be the high value of 2„1 evc Using D(O-F) = 2C4 ev as suggested 
by Arkell from his infrared studies^ D(F0 - OF) = 1Q8 ev is obtained 
which is even lower than D(H0 - 0H)o It should also be noted that the 
0 - 0 bond energy in the 0_F radical can also be calculated from 
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thermochemical datas using D(0 - F) = 2»1 evs to be 3o7 ev which also 
appears too low in view of the infrared data for this species reported 
by Arkello He calculated an 0-0 force constant of 10o45 mdynes/X 
for 0_F as compared to 1108 for 09o The electronic structures pro-
posed for 09F (see Appendix A) also indicate a very strong 0-0 bondo 
In view of the above facts9 it seems necessary to assume that the ener-
getics of O9F9 obtained using D(O-F) = 1.1 ev^ are reasonably cor-
recto However,, it is obvious that an accurate measurement of I (OF) or 
D(O-F) is highly desirable in that it would remove any doubt associated 
with the above argumentSo 
Synthesis and Energetics of the Dioxygen Fluoride Free Radical 
In the previous section in which the energetics of the O9F0 
molecule were developed, the bond energies of the 0_F radical were 
also determinedo In additions, the ionization potentials of 0_F and 
0_F^ were estimated using an excess kinetic energy of lo0 ev for the 
process given by Equation (3)0 This excess kinetic energy was calculated 
assuming that D(09~F) = D(0_ - F) = 0o8 evc From these results it is 
obvious that a direct measurement of the ionization potential of 09F 
was certainly desirable* This served as an added incentive for synthe-
sizing the 09F radical as a free species for this thesis0 Obviously, 
the most intriguing reasons for preparing this species was to prove 
the existence of a free radical of oxygen and fluorine and, in particu-
lar, to show that O F really did exist as predicted using the theoretical 
19 
arguments of the double quartet modification of the octet rule0 
In this investigation^ O9F9 w a s synthesized in the cryogenic 
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reactor-inlet system with the extension piece (16) replaced by the furnace 
attachment described in Chapter II„ By vaporizing the sample through the 
heated alumina tube which extended directly into the ionizing electron 
beam of the spectrometer,, the 0«F free radical was formed by pyrolysis 
and permitted a direct measurement of i(CLF) and calculation of iCCLF^o 
The optimum position of the furnace in the electron beam was deter-
mined by setting the energy of the ionizing electrons about 2o0 ev above 
AlO^F ) from O F . and then moving the furnace in and out of the beam 
until the position corresponding to a maximum: O F current was obtainedo 
With the electron energy decreased to a level at which no O.F was 
formed from O9F9P the temperature of the furnace was slowly increased 
while monitoring the O F current0 A maximum value of this ion current 
was obtained when the pyrolysis was conducted at approximately 250°Ko It 
is notable that the position of the furnace in the electron beam was very 
critical, in that moving it either into the beam or withdrawing it from 
the beam by less than 6 mm from the point at which the maximum 0~F ion 
current was obtained? resulted in such a decrease in ion intensity that 
the O F radical was barely detectableo This was certainly to be expected 
from the earlier sensitivity calculations that are discussed in Appendix B 
and summarized in Chapter II0 The ionization potential of O F was 
69 determined using the semilog matching method with argon as the refer-
ence specieso In addition^ the appearance potential of 0~F from CLF^ 
was obtained using this same technique and was compared with the value 
obtained by the retarding potential difference (RPD) method which was used 
in the initial worko The energy scale was calibrated with the heater on 
and off using argon as the standard, and the results were identical0 
Ill 
The ionization potential of CLF was determined to be 12o6 ± 0o2 
ev, while the appearance potential of O F from 0 F9 was 14o0 ± 0ol 
74 
ev which is the same value that was reported earlier using the RPD method,, 
FigSc 19 and 20 show the semilogarithmic plot of the data used to deter-
mine these values for the 0,-F radical and 0,-F fragment from OF., 
respectivelyD The excess kinetic energy for the process of Equation (3) 
is given by KoE0 = A(0 F ) - I(OF) - D(F - O^F)0 Using an estimated 
D(F - 09F) = 0o8 ev and the above measured values for I(OF) and 
A(O^F ), the kinetic energy is calculated to be 14o0 - 1206 - 0o8 = 0o6 
ev, and therefore, l(OF) + D(F - 02F ) = A(02F ) - K0E0 = 14„0 - 0o6 = 13o4 ev0 
In view of the fact that the CLFo ion is not observed in the mass spec-
trometer s it could be assumed that D(F - Ô F ) = 0S and hence l(OpF«) = 
1304 eve However, since it could well be that D(F - 09F ) / 0, the 
value of D(09F_) = 13o4 ev is best considered to be the maximum possible 
valueD The bond energies of the 09F ion can also be calculated 
directly to be D(02
+- F) = D(02 - F) + 1(0 ) - 1(0 F) = 0o8 + 12o2 - 12„6 
= 0,4 ev, and D(0 - OF+) = D(0 + - F) + D(0 +) - D(OF+) = 0o4 + 6o5 - 1„7
6 
= 5o2 ev0 Both of these values seem reasonable in view of the bond ener-
gies of the O F radical of D(0 - F) = 0o8 ev and D(0 - OF) = 408 ev 
that were previously obtainedo They also agree quite well with the elec-
+ 
tronic structure proposed for 09F in Appendix A0 
It is obvious that the energetics of 09F determined in this 
investigation is quite consistent with the independent development of 
the energetics of 09F9? In summary it appears that the bond energies 
obtained for these two species^ using the electron impact data on 09F 













i / * 
/A 
J* > 
/ • * Al 
• 0j 
{GON 




13.4 13.6 13.8 14.0 14.2 14.4 14.6 
ELECTRON ENERGY (VOLTS, UNCORRECTED) 
14.8 
Figure 19* Ionization Efficiency Data for O F from the O F Free 
Radical Using the Semilog Matching Method. Argon is 
the Standard and the O F Scale has been Shifted 3.15 
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Figure 20. Ionization Efficiency Data for O F from O F Using 
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consistent with the microwave, kinetic, and infrared data for them, as 
well as their electronic structures that have been proposed using the dou-
ble quartet description Hence, it seems that these results should be 
considered reasonably accurate, despite the controversy concerning the 
bond energy of 0Fo These energetics for 0-F and Oo^o* along with 
the mass spectrometric cracking pattern of 0oFo> are summarized in 
Table 3o 
It should be pointed out that attempts were made to synthesize the 
O^F radical by subjecting gaseous 0 - F mixtures and 0 - OF mix-
tures to an electrodeless radio frequency discharge using the arrangement 
described in Chapter II„ In these experiments a large excess of oxygen 
was normally used0 Similar experiments have been performed successfully 
69 
by Foner and Hudson in their production of the HCU free radical0 In 
addition, they showed that a confined electrodeless low-power glow dis-
charge in a rapidly flowing stream of HJD vapor was an excellent source 
of HO- radicalSo They also formed H09 by several other techniques 
such as reacting H atoms with 0_0 Similar experiments with 0_ - F_ 
mixtures and CU - OF,_ mixtures were conducted in this work over broad 
pressure and discharge power input ranges, but there was no evidence for 
formation of the 0_F radical0 An exhaustive study of this technique 
for preparing O F was not conducted since the pyrolysis technique had 
already been proved to be quite successful„ However, this approach might 
be considered further for future investigations of O F since it would 
not require synthesis of O9F9 which must be prepared and handled at 
cryogenic temperatures0 
These investigations of O F were particularly satisfying in that 
115 
Table 3o Relative Abundance and Appearance Potentials 
of Positive Ions in the Mass Spectrum of 
CUF ; Energetics of the °9F9 
Molecule and O F Radical 
Relative Appearance 
Abundance Potential 
Ion (%) (ev) Energetics 
°2F2+ 
- _ I(02F2) i 13o4 ev 
°2F+ 100 14o0 ± Ool I(02F) = 12o6 ± 0o2 ev 




_ D(F -02F) = 0o8 ev 
0+ (305), <_ D(F0 -OF) = 405 ± 0o2 ev 
D(02 - F) = 0o8 ev 
F+ (300) - D(O-OF) = 408 ev 
F+ (120) - D(0F) = lol evb 
a 
D(0 -OF+) = 5o2 ev 
D(02
+ -F) = 0,4 ev 
a 
Includes large background due to decomposition of 0_F9 in the spec-
trometero 
L /r 
From Dibeler9 et al» 
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they represented the synthesis of an oxygen-fluorine free radical that 
had been predicted to be stable by theoretical arguments^ they demon-
strated the usefulness of the cryogenic reactor-inlet system for syn-
thesizing and investigating the initial pyrolysis products of thermally 
unstable species^ and they supported the validity of the sensitivity 
calculations discussed earlier which indicated that detection of extremely 
unstable or reactive species would require their synthesis almost directly 
in the electron beam of the mass spectrometer0 
Investigation of the OF Free Radical 
In the previous two sections it was pointed out that there was 
considerable controversy regarding the bo\nd energy of the OF radicalQ 
Since the development of the energetics of all of the other oxygen fluor-
ides depends, at least partially, on the ionization potential or the bond 
energy of this radical, it is obvious that a direct measurement of one of 
these values is highly desirableo However, the only reported direct 
56 identification of this species was from infrared studies in which 0F9 
was irradiated at 4°K in a solid matrix (see Chapter l)5and hence no 
direct study of the energetics of the species has been possible,, In 
view of the numerous indirect evidences as well as the great interest in 
this radical, several techniques were used in this work in an attempt to 
synthesize and investigate ito 
Several kinetic studies have indicated that pyrolysis and photolysis 
of OF- results in the formation of OF as a short-lived intermediate0 
Hence, it seemed that a pyrolysis of OF- directly in the electron beam 
of the mass spectrometer could well result in detection of the OF radicalo 
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Pyrolysis experiments of OF^ in a mass spectrometer reported by Dauerman, 
49 
Salser, and Tajima were discussed in Chapter Io In these experiments 
in which a nickel furnace was used, no evidence for free OF was obtainedo 
However, the exit of their furnace was about lo9 cm from the electron beam0 
According to the sensitivity calculations discussed earlier and summarized 
in Appendix B, the sensitivity for such an arrangement would be expected 
to be a factor of about 65 - 95 less than an arrangement in which the 
electron beam is in grazing incidence with the furnace exito Since the 
concentration of OF formed in this type of experiment would possibly 
be quite small, it is obvious that the unfavorable arrangement used by 
Dauerman, et alQ 9 could have prevented its detectiono 
In this work OF. was pyrolyzed using several different fila-
ments and furnaces using the optimum arrangement of the filament or the 
furnace relative to the electron beam0 For the experiments using hot 
filaments, the arrangement and techniques described in Chapter II were 
usedo Filaments of niobium, tantalum, platinum, titanium, molybdenum, 
zirconium, tungsten, and nichrome were used and the results are summar-
ized in Table 40 From this table it can be seen that the nature of the 
OF,- pyrolysis differed considerably with some choices of filamentSo 
Molybdenum and nichrome both gave very small yields of F~, but 
the 0F9 molecule was not cracked to any appreciable extent on these 
filaments even at 900°Co In these experiments the electron energy was 
set at an energy (14 -15 ev) such that only a very small OF current 
from 0FQ could be detected with the filament offo Then the ratio of 
the OF to OF was measured as the temperature of the filament was 
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ratio decreased from 20 at room temperature to about 10 at 800° - 900°C 
for an electron energy of about 14 ev (energy scale was not calibrated)„ 
The 0F9 current decreased with increasing temperature while the OF 
current increasedo The decrease in the 0F9 /OF ratio indicates the 
possible formation of small amounts of free OF, but variation of the 
filament temperature and 0F_ flow rate failed to increase its yield sig-
nificantly0 There still was not enough OF at 900°C to permit a measure-
ment of its appearance potential, and above 900°C the noise level was too 
high to operate0 
Niobium, tantalum, titanium, and zirconium all gave very large 
amounts of F , very small amounts of 0 , and no evidence at all for 
free 0Fo It is interesting to note that an appreciable F» ion cur-
rent was observed in these experiments even when the energy of the ionizing 
electron beam was reduced to zero0 This, as well as the fact that essen-
tially no 0_ was observed, indicated that the 0F9 molecule was decom-
posing directly into 0 and F on the surface of the hot filament and 
the F was in turn ionized on the hot surface0 This conclusion that 
F_ was formed by surface ionization is further supported by the fact 
that it gave a broad and poorly resolved peak which would be expected 
since there would be a relatively broad spatial distribution of the ions 
in the sourcec This spatial distribution would result in a broadening of 
the F peak since all the ions would not arrive at the mass analyzer at 
the same timec 
The apparent direct formation of F^ on the surface of these latter 
filaments is quite interesting in view of the kinetic data for the pyro-
lysis of OF o Several investigators have proposed that 0F_ decomposes 
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first to F and 0Fo Assuming this mechanism,, they have calculated 
a critical energy for the process,, presumably D(F-0F)>, of about 40 
Kcal/mole which results in an estimated D(0 - F) of about 50 Kcal/mole0 
It has already been shown that this value for D(O-F) appears too 
high in view of the 0-0 bond energy that it would require for Ô F̂ o 
This suggests the possibility that the critical energy measured in the 
kinetic experiments is for some process other than the formation of F 
and OFo In view of the large amount of F^ and small amount of 0 
occurring from a single collision with a hot filament as indicated by 
the above mass spectrometric experiments,, it seems reasonable to consider 
the reaction, 
0F2 _ 0 + F2 (23) 
as the initial step in the thermal decomposition of OF' 0 In fact, it 
46 
has already been pointed out that the energetics of Equation (23) 
would also agree with the kinetic data, but the mechanism involving 
the formation of OF was considered more likely since OF_ has been 
shown to react with various species by adding an OF group,, 
The formation of large amounts of F- on the surface of the hot 
filaments in the above experiments also suggested the possibility that the 
decomposition was catalyzed by the metal surface0 Consequently, 0F9 
was pyrolyzed using an alumina furnace and the same technique as was 
employed in the pyrolysis of 0 9
F
9 to form OF. In these experiments 
the OF^ was 50 - 75 per cent cracked at temperatures of 450° - 600°C, 
but there was no evidence for formation of 0Fo Only very large amounts 
of 0 and F , as well as possibly some 0 and F? were observed,, In 
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a similar experiment using a bundle of four 0o050 cm ID x 103 cm long 
monel tubes inside a 0<>635 ID monel tube for the furnace, essentially the 
same results were obtained, but the decomposition occurred at a somewhat 
lower temperature than in the alumina furnace,, There was only slight 
decomposition of the OF^ below 368°C using this monel furnace, but 
above that temperature there was an extremely rapid decrease in the 0F9 
ion currento For instance at 373°C, only 5°C above the temperature at 
which OF,- began to decompose rapidly, essentially all the OF,- was 
cracked, but no free OF was observedo 
The failure to prepare an appreciable amount of OF by pyrolysis 
of 0FQ, or even to prove conclusively that OF was formed at all 
made it necessary to consider other possible techniques for its synthe-
sis*, Cracking of OF,- with a low power electrodeless discharge was 
considered a likely possibility o Hence, several experiments were run 
in which OF was cracked in a radio frequency discharge tube as des-
cribed in Chapter II„ In the initial experiments, wherein a quartz tube 
was used, the only products observed were very large amounts of 09, F_, 
and SiF4<> Essentially all the 0F_ was cracked when the glow of the 
discharge was bright enough to be observed, regardless of the energy 
input, reactor pressure, or 0F9 flow rate usedo The large amount of 
SiF4 that was formed in these experiments indicated that F atoms were 
reacting quite rapidly with the quartz reactor tubec This suggested the 
possibility that any OF radical that was formed was destroyed immediately 
on the quartz surface0 Therefore, the quartz tube was replaced by an 
alumina tube and the experiments repeatedo This eliminated the forma-
tion of SiF4, but still no evidence was obtained for the presence of 
122 
free 0Fo Only large quantities of 0^ and F^ were observed,, In some 
of these experiments excess 09 was added to the 0F_, but the results 
were essentially the same0 
From the above results of the investigations of the possible 
existence of the OF radical in the vapor phase, it was concluded that 
this species is quite unstable and/or extremely reactiveQ This is exactly 
the conclusion that numerous other investigators have reachedo The hot 
filament experiments described above, using molybdenum and nichrome, 
indicated the possible formation of very small amounts of 0Fo How-
ever, the other filaments, which cracked the 0F9 molecule much more 
readily, gave no evidence for the formation of OF0 In view of the 
facts that this technique utilized the very best physical arrangement 
of the filament, i0e0j directly in the electron beam, and the OF^ 
molecule could experience only a single collision with the filament, it 
was concluded that synthesis and detection of the OF radical by mass 
spectrometry would be extremely difficult, if not impossible,, Conse-




CONCLUSIONS AND RECOMMENDATIONS 
The work described in the preceeding chapters has led to the 
following conclusions: 
1) Mass spectrometer sensitivity calculations indicate that in-
vestigation of thermally unstable species requires injection of the gas-
eous labile samples essentially directly into the electron beam; this 
conclusion was strikingly verified in the investigation of the O F radi-
cal. 
2) The multipurpose cryogenic reactor and mass spectrometer in-
let assembly developed for this work allows detection of species at tem-
— f\ 
peratures at which they exert a vapor pressure of only 10 torr; it 
also permits investigation of the synthesis, stability, energetics, and 
chemical reactivity over a broad temperature range of extremely unstable 
species as well as the initial decomposition products of these species. 
3) A(02F
+) and A(OF+) from O F are 14.0 i 0.1 ev and 17.5 ± 0.2 
ev, respectively. These ions are formed by the following mechanisms 
°2F2 + e "* °2F+ + F + 2e 
and O F + e - 0F+ + OF + 2e 
Neither the positive nor negative ion of dioxygen difluoride, O F or 
O F , was detected in the mass spectrometer, 
4) The bond energies of the O F molecule and O F free radical can 
9 
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be developed from other available data and the measured appearance poten-
tials of 09F and OF from 09F_. These bond energies have been determined 
to be 
D(F-02F) = 0.8 ev 
D(FO-OF) = 4.5 ev 
D(0-0F) = 4.8 ev 
D(0 -F) =* 0.8 ev 
which are consistent with microwave, thermochemical, infrared, and kine-
tic data that are available on O F and OF, These energetics are also 
consistent with the proposed electronic structures of the species. 
5) The method of appearance potential lowering permitted the 
first detection of the 0,_F free radical (which had been predicted to 
possibly be a stable species) in the vapor phase. This radical was pro-
duced by the pyrolysis of O F in a tubular alumina furnace at about 
250°K. No evidence was obtained for the production of OJF upon subjection 
of gaseous ° -F mixtures and 0 -OF^ mixtures to an electrodeless radio 
frequency discharge„ 
6) The vertical ionization potential of O F was measured to be 
12.6 ± 0.2 ev; the ionization potential of 0„F_ was determined to be 
z. z 
equal to or less than 13.4 ev* 
7) There was some evidence for the formation of small amounts of 
the OF free radical in the pyrolysis of OF on hot filaments of molybde-
num and nichrome, but the evidence was not very conclusive. 
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8) There was no evidence for the formation of the OF radical in 
the pyrolysis of OF on hot filaments of niobium, tantalum, platinum, 
titanium, zirconium, or tungsten; nor in tubular monel and alumina fur-
naces despite the fact that the very optimum mass spectrometric arrange-
ment possible, i.e., pyrolysis directly in the electron beam, was 
employed. The only pyrolysis products detected were 0, 0_, and large 
amounts of F , which suggested that OF decomposes directly to 0 and F 
on the hot surfacesc 
9) No evidence was obtained for production of OF upon subjecting 
gaseous samples of OF or 0 -OF mixtures or 0 -F mixtures to an elec-
trodeless radio frequency discharge. Only 0, F, 0 , and F were detected. 
10) No unequivocal evidence, was obtained for the existence of 
O F as a molecular entity in the vapor phase. That is, no positive or 
negative ions directly attributable to molecular OJ7 , i.e., O^F , O F , 
O F , or 0-F 9 were observed in the mass spectrometer. However, it seems 
likely that0 F.is a molecular entity, but the above ions are not stable 
for the 50 microseconds required for detection by the TOF mass spectro-
meter. 
11.) The reported thermal decomposition of O F to O F and 0 was 
verified, but very strong evidence for its simultaneous decomposition in-
to OF and 0^ was also obtained. 
12) A qualitative theoretical analysis of the 0^F„ molecule, using 
the double quartet modification of the octet rule, indicated that it 
might have a chain structure and that the following two electronic con-
figurations 
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would be expected to be the major contributors to its overall electronic 
structure if it has this chain arrangement 
13) The following mechanism for decomposition of O F . 
f a ^ * 0 2 F 2 + 2F0 .
 Si° W 202F2 + 0 2 
2F0 -OF a 2F02« + 2F0< 
20F2 + 202 
agrees with the mass spectrometric observations, as well as electron 
paramagnetic resonance, nuclear magnetic resonance, and infrared data. 
It also agrees with other physical and chemical properties reported for 
O F . and with its proposed electronic structure. 
14) No direct evidence was obtained for the existence of O.F , 
O F , or O F as molecular entities in the vapor phase. 
15) No evidence was obtained for the existence of an unsymmetri-
cal isomer of dioxygen difluoride, O^^OF „ 
Several extensions of the present work may be proposed. 
Since the completion of the present experimental work for this 
thesis, the TOF mass spectrometer has been modified to permit "'blanking 
out" of any portion of the mass spectrum that may not be desired. This 
adaptation would greatly facilitate the investigation of the mass spec-
trum of O F at its decomposition temperature by permitting the blanking 
+ 
out of the very large 0_ ion current,, In fact, it seems quite likely 
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that the A(OF ) could be determined at that temperature by blanking out 
all the mass spectrum except that from m/e = 33 to 37. A measurement of 
this appearance potential of OF might permit the development of the ener-
getics of O F . 
The investigations of the OF radical were not extensive for this 
work. However, it was pointed out that a direct measurement of the ion-
ization potential of this free radical is highly desirable in that it 
would settle the controversy concerning the value of D(0-F)e In view of 
the fact that there was some indication of formation of OF upon pyrolysis 
of OF on molybdenum and nichrome filaments, it seems reasonable to pur-
sue the pyrolysis of OF_ as a possible means of producing free OF0 How-
ever, pyrolysis of other parent species such as SF • OF, NO • OF, and 
FS09°OF might prove to be more satisfactory. In any case, it seems that 
a continued investigation of the existence of the OF radical seems worthy 
of consideration. 
An obvious extension of this work is the study of the chemical 
reactivity of the low temperature oxygen fluorides with a broad range of 
species. Several reports discussing the reactions of these compounds 
state that unstable and highly reactive products were produced at the 
low temperature but were lost upon warming, and hence no identification 
was possibleo However, it seems that the cryogenic reactor-inlet system 
developed for this thesis research would be ideal for investigation of 
these unstable products at the low temperature. This type of study could 
well result in the identification and investigation of a host of unre-
ported and unusual compounds0 
A particular class of species that would be of interest to inves-
tigate, using these cryogenic techniques, would be the N-O-F compoundsc 
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Several N-O-F compounds have been reported, and it seems quite likely 
that more unusual and energetic species of this type might be stabilized 
at low temperatures. An interesting approach to this problem would be to 
make a systematic analysis of all N-OrF molecules and radicals that might 
seem feasible, using the dpuble quartet modification of the octet rule 
approach. On the basis of that analysis, it might be possible to pre-
dict the existence and molecular parameters of some unreported species, 
as was done with the oxygen fluorine species for this thesis* This would 
offer a systematic approach to the investigation of the N-O-F compounds, 
and subsequent synthesis of species predicted to be stable by the qualita-
tive theoretical analysis would be particularly exciting. This same 
approach might later be extended further to compounds of C-N-O-F since 
the double quartet description seems quite satisfactory for species con-
taining these elements, and it seems quite possible that unknown molecules 




ELECTRONIC STRUCTURES OF THE OXYGEN FLUORIDES AND THEIR 
POSITIVE AND NEGATIVE IONS 
Introduction 
The unusual and interesting physical and chemical properties 
exhibited by the low temperature oxygen fluorides have been the subject 
of much discussion and investigation in the past few years0 As a result, 
a rapidly growing store of information concerning their synthesis, 
stability, molecular structure, physical properties, and chemical reac-
tivity is accumulating and is permitting a much better understanding of 
their unusual nature0 However, from the discussions in Chapter I and III 
of this thesis, it is obvious that there is still a considerable amount of 
missing information concerning the structures and properties of some of 
these species, and even the existence of some others. This is particularly 
true for the oxygen-fluoride free radicals and higher oxygen fluorides, 
°3F2> °4F2> °5F2' and °6F2' 
In this appendix a systematic discussion of the possible electronic 
structures of the reported oxygen fluorides, as well as unreported mole-
cules, radicals, and ions of oxygen and fluorine, will be presentedo 
The double quartet modification of the octet rule, which was recently 
17 
proposed by Linnett, will be used extensively for describing these 
structureso This method of formulating the electronic structures of 
molecules is based on the use of fundamental physical characteristics 
such as electrostatic repulsion of electrons, the attraction of electrons 
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by nuclei, the consequent tendency to achieve a fairly uniform charge 
distribution of electrons, and similar physical effects, to account for 
the electronic structures in molecular systems and to explain the result-
ing molecular properties0 This approach to chemical bonding is essen-
tially qualitative, but it seems to accomplish its stated purpose of 
"extending the understanding of the variation in properties in groups 
of related molecules and ionso" Linnett has also pointed out that it 
provides a means of constructing wave functions, and hence numerical cal-
culations are possible*, However, this will not be done in this thesiSo 
The primary purpose of this discussion is to describe the most 
likely electronic structures of the oxygen fluorides that are reasonably 
well understood, based on their known physical and chemical propertieso 
With the understanding and intuitive feeling gained in explaining the 
known properties of the known oxygen fluorides as a basis, the same argu-
ments will be extended to the compounds, radicals, and ions which have not 
been observed or for which little is knowno This should lead to a better 
understanding of the structures and properties of these other specieSo 
Linnett has pointed out that the double quartet approach is a par-
ticular method of describing electronic structures of molecules and is 
not intended to provide a comparison with others such as those employing 
molecular orbitals. However, in this discussion explanations of molecular 
properties using other successful methods, such as the molecular orbital 
and valence bond approaches, will be presented for comparison of the dif-
ferent arguments for arriving at the same conclusions., In the assessment 
of his book, Linnett stated that 
"the double quartet model is based on a localized approach, 
but, instead of dealing always with electrons in pairs, one 
of each spin, the space is divided into one set of regions 
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for the electrons of one spin, and into another set of regions 
for the electrons of the other spina If the two sets of regions 
are the same as each other then the electrons occupy the regions 
in pairs but, if they are not, and this is permitted, then the 
disposition of the electrons of one spin is different from that 
of the electrons of the other spin. It is this modification 
that makes this method different from the ordinary valence 
bond method. However, it resembles the valence bond method 
in employing as its basis a localized approach and, in this, it 
differs from the molecular orbital method*," 
The formal approach and criteria for selecting the major contribu-
tors to the overall electronic structure of a given species are presented 
in Linnett's book and will not be discussed here, but the arguments pro-
posed for individual species in the following sections will illustrate 
most of them. Linnett does not discuss how he determines the maximum 
number of electronic configurations possible for a given compound, while 
adhering to the restrictions of the double quartet model. This definitely 
seemed desirable for a systematic approach to each compound and, as a 
result, the following technique was used. First, the number of bonding 
electrons, E , was calculated by subtracting the sum of the number of 
valence shell electrons, E , in each atom of the species from the 
product of eight times the number of atoms, N., in the compound. That 
is, 
ED = 8NA - E (1) 
B A v ' 
This gives the number of necessary bonding electrons since it is required 
that there be eight electrons about each atom, four of each spin. After 
obtaining E , the maximum number of arrangements of these electrons in 
NL bonds, (N. - 1) bonds for noncyclic compounds, can readily be cal-
D A 
culated. The number of possible configurations, C, of ER electrons 
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in N_ bonds with the restrictions that there be a minimum of one elec-ta 
tron in each bond and a maximum of six electrons in any bond, is given 
by the following equations^ 
For N B < E B < N B + 6 
C = ( E B - 1 ) V ( N B - OSfEg - NB)i (2) 
For NB + 6 < EB < NB + 12 
C = (EB - 1)J/(NB - 1)5 (^ - NB) J 
- ^ ( R g - 7 ) : / ( N B - i ) : (Eg - NB - 6 ) : (3) 
The equations applicable to the cases where E Q > N a + 12 have also 
been developed, but they will not be presented here since no such case 
occurred for the oxygen-fluorine species discussed in this appendix0 The 
total number of arrangements for molecules containing one to four bonds 
(all atoms are assumed different) has been calculated using the above 
approach and are given in Table 5 0 The actual number of configurations 
would usually be lower than the values in Table 5 for molecules that con-
tain like atoms since mirror images and indistinguishable structures 
would occur0 It should be noted, however, that the values given do not 
include additional configurations that would be possible due to rearrange-
ment of the spins of the electrons in any four electron bondo That is, 
there is one additional configuration for each four electron bond since 
it can have either two electrons of each spin or three of one spin and 
one of the otherQ 
Table 5o Number of Possible Electronic Configurations 






Number of Possible Conf] Lgurations 
Number of 






4 3 3 1 
5 4 6 4 
6 1 5 10 10 
7 6 15 20 
8 5 21 35 
9 4 25 56 
10 3 27 80 



































OF Radical, OF" Ion, and OF* Ion 
17 
Linnett has recently discussed the electronic configuration of 
OFo It has thirteen valence-shell electrons,, six electrons of one spin 
and seven of the other, which would result in it being paramagnetic*, 
Using the double quartet model, the only electronic structure would be 
l * i 
0 o-£— F o 
I I 
( i ) 
Since there are three bonding electrons and FOOF has six, it might be 
expected that the OF monomer would tend to be stable, as is N00 How-
ever, the formal charges for the F and 0 atoms are + l/2 and - l/2, 
respectively,, This positive charge on the F atom is definitely objection-
able according to the criteria of Linnett (A formal charge of -1 to + 1/3 
is considered satisfactory for fluorine while a charge of + l/2 is con-
sidered possible but somewhat objectionable0 Similarly, a charge of 
- 1/2 to + l/2 is satisfactory for oxygen and + 1 and - 1 are considered 
possible0)o Apparently, this unfavorable charge distribution results 
in the dimerization of 20F to Ô F which decomposes into 0 and F 
at about 200°Ko Linnett has proposed that F0 and 0 are stable 
relative to 20F because the formal atomic charges are all zero in the 
former system, and in CL inter=electron repulsion is reducedo The 
adverse formal charge situation in OF does not exist in N0o Another 
reason for the stability of NO relative to that of OF has also been 
59 
proposed by Green and Linnetto They suggested that a reaction path 
is open to OF,, over which NO cannot pass0 They stated that the fol-
lowing four-center mechanism would satisfy this requirement; 
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—O*-="F—-— — 0 ™ —F 
— » A A 
——°n~JIL. p-j-*~ = 0 - —F 
:0 A F = ° 0 
A + | <4> 
0 ' F 
It was noted that the difference in order of individual links between the 
two transition states is only l/2, so that a change from one to the other 
ought not to be difficult In addition, there could be a resonance hybrid 
of the two forms,, which would further lower the energy of activation0 
For a similar four-center mechanism involving NO, they showed that there 
is a large change in bond distribution during the transition and, conse-
quently, the reaction would be unlikely0 
The HO radical is isoelectronic with OF and would be expected 
to have a structure 
A A 
H — o - o -
(II) 
Studies of the reaction of hydrogen and oxygen have shown that this 
radical is an important participant in the sequence of processes that 
occurQ It has recently been studied as a free species in a mass spec-
70 
trometer by Foner and Hudson and its bond energies were obtainedo 
Using the data of Foner and Hudson, the 0 = 0 bond energy for H09 
is calculated to be about 76 Kcal/mole0 This is very interesting 
because the corresponding bond in HOOH, which is a two electron bond, 
is 49 Kcal/mole and is 117 Kcal/mole for 09, which is a four electron 
bondo Hence, the intermediate value of 76 Kcal/mole for the bond in 
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HO would indicate that the above structure,, which gives a three elec-
tron bond, is a satisfactory onec. 
A similar analysis of OF, which would also have a three elec-
tron bond,, would indicate that it may have a bond strength somewhat 
greater than the average bond energy of 0F9 of 48 Kcal/mole0 However, 
the unfavorable positive charge on the F atom could tend to reduce this 
bond strength considerably0 The value of 25 Kcal/mole for the OF bond 
energy reported by Dibeler., et al 0 , from electron impact studies of OF~,, 
is considerably lower than would be predicted for a three electron bond 
as indicated by structure I0 However, the relatively unfavorable 
+ l/2 formal charge on the F atom could possibly result in a weakening 
of the bondo 
The 0 ion is also isoelectronic with OF and the structure 
is probably 
(III) 
which is identical to that of OF shown earlier0 In this case,, the 
formal charges on the two atoms are satisfactory^ being -l/2 on botho 
In addition^ Linnett has pointed out that the bond length in 0 is 
1*28 A, which is intermediate between the four electron bond in 09 
of 1.21 X and the two electron bond in HO-OH of lo48 Ao This would 
be expected for the three electron bond indicated above,, The fact that 
oxygen exists in the crystal of KO entirely as paramagnetic 0„ , 
indicates that a three electron bond, as proposed for 0F? can be stable 
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under the proper conditions0 From these discussions it seems that OF 
might possibly be stable, However, there is still considerable doubt 
as to whether the failure to detect this species in the gas phase is due 
to its very high chemical reactivity or the fact that the bond is rela-
tively weak as indicated by the electron impact studieso 
The OF ion has fourteen valence-shell electrons and is iso-
electronic with F^ and 0 ~0 The electronic structure would be 2 2 
(IV) 
where the formal charges of the 0 and F atoms are -1 and zero, 
respectively0 The formal charge of -1 on the 0 atom is not altogether 
17 
satisfactory, and Linnett has pointed out that the process 
2QF~ - 0 2 + 2F~ (5) 
would be favored because the formal charge is transferred from the oxy-
gen to the fluorine which is more suitable0 In addition, the electrons 
of opposite spin are separated from one another in both 0 and F , 
while there is a close pair of electrons in OF as indicated by the 
heavy line in IVo Consequently, the right-hand side of Equation (5) 
would also be favored by a reduction in inter-electron repulsion energy0 
This would account for the fact that it has only been observed in the 
mass spectrometer as reported in this worko Linnett stated that a pos-
sibility of stabilizing OF might be under the influence of the field 
provided by an array of positive charges in a crystal» The isoelectronic 
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species, 0 , does exist, though only when stabilized by an appropriate 
electric field such as in Li 0 ^ Na 0», or RaO 0 
The OF ion has twelve valence-shell electrons which is iso-
electronic with NF and CLo Its electronic structure would be given 
by either of the following structures or botho 
° A ° \ / 
— o 4 - F — n:=F 
o A o / \ 
(V) (vi) 
Both structures give a formal charge of zero on the 0 atom and + 1 on 
the F atoirio The electronic structures, V and VI, are identical to that 
of the ground state, VII, and first excited state, VIII, of CU, 
° A ° \ S 
—o-fo— .0=0 
(VII) (VIII) 
respectively, which were proposed by Linnetto It is obvious that V 
and VII would be paramagnetic while VI and VIII would notD It would 
be expected that V would give the lower energy for OF and would 
indicate that it would be a paramagnetic species with a four electron 
bond which would probably be stronger than the bond in the OF radical» 
D(0 - F ) has been reported by electron impact methods ' to be 40 Kcal/mole 
which may be compared to 25 Kcal/mole for D(O-F). This would appear 
to be qualitatively in the correct order9 and the relatively small 
difference for the two can probably be accounted for by the presence 
of the very objectionable + 1 formal charge on the F atom in OF 0 
This unfavorable charge distribution could also account for the fact 
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that the bond is much weaker than the 0 boncL It is interesting to 
58 
note that Price, Passmore, and Roessler have estimated values for 
D(O-F) and D(0 - F ) of 52 and 87 Kcal/mole, respectively, from 
isoelectronic similarity curves of radicals and ionsD These values are 
also qualitatively in the correct ratio according to the proposed struc-
ture but they seem much too high as discussed in Chapter IIIo 
59 + 
Green and Linnett have stated that OF might be more likely 
to be stable than NF because the differences in electronegativity of 
the two atoms in OF is less than in NFo They proposed that the large 
difference in the electronegativity between the atoms in NF makes it 
likely that some localization of the unpaired electrons occurs on the 
fluorine atom which results in a decrease in bond order of the radicals 
Consequently, dimerization of the radical to form FNNF would be 
favored since it would result in an increase in bond order, which would 
not be the case if there was no localization of the electronso This 
would account for the reluctance of 09 to dimerize since there would 
be no rise in bond order in the dimer, 0.a The fact that the electro-
negativity difference in oxygen and fluorine is relatively small would 
indicate that OF would have little localization of the unpaired elec-
trons, and hence it might be stable under very unusual conditions,, This 
59 
has prompted Green and Linnett to propose an investigation of the pos-
sible existence of OF in some suitable solvento It should be pointed 
out that OF has been observed in the mass spectrometer during the 
investigation of both 0Fo and 0~Fo„ z> 2 2 2 
The above description of the electronic structures of the OF 
radical and its ions are based completely on the double quartet modelo 
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However, it can be seen that the electronic structures described for these 
diatomic species are identical to those that would be obtained by a molecu-
lar orbital description. The relation between the double quartet and 
molecular orbital descriptions will certainly not be so obvious for the 
more complicated species that are to be discussed later0 
Oxygen Difluoride (OF ) 9 0F_ Ion5 and 0F_ Ion 
The oxygen difluoride molecule contains twenty valence-shell elec-
trons and is a stable species below about 250°Co It has four bonding 
electrons and, consequently, has a maximum of three possible electronic 
structures according to Table 5o Actually, there are only two possible 
structures since the molecule is symmetrical„ One of these structures 
places a formal charge of + l/2 on one of the F atoms and would not be 







( IX ) 
31 which is identical to the valence bond description proposed by PaulingQ 
Structure IX indicates that OF- would be diamagnetic, which is the caseD 
The electrons around the oxygen are spatially paired as a result of the 
tetrahedral arrangement of the electrons about each atom, but the unshared 
electrons on the fluorine atoms are not since the two sets can be stag-
gered relative to one another0 The formal charges on all the atoms are 
zero which is goodo However, the fact that there are four close pairs 
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of electrons^ i0e0il four pairs of electrons occupying the same spatial 
orbitalSy would mean that 20F9 would be more energetic than would 
0 + 2F_ in which there are no close pair electrons in CU arid only 
one close pair in F,-0 Linnett has pointed out that OF^ is endothermic 
to the extent of only 706 Kcal/moleo Since there is no change in the 
number of shared electrons in 0F« and 0« + 2F«9 he has proposed that 
the increase in energy in forming OF- from F^ + l/2 0_ can be ascribed, 
at least in part^ to an increase in inter-eleetron repulsion energy0 
The OF_ ion contains 21 valence-shell electrons and would be 
paramagnetiCo There are only two structures that this ion could have0 
They are 
.F F 
/ * \ / \ 
(X) 
and its mirror image0 This places formal charges of =1/2 on the 0 atom 
and one of the F atoms and a formal charge of zero on the other F 
atorrio These are acceptable formal charges on all the atoms but would in-
dicate a lower value for D(F~QF ) than for D(F - pF) which has been 
reported to be 40 - 65 Kcal/mole0 It might be expected that OF " could 
be unstable relative to l/2 0 +F_ since the number of bonding elec-
trons is the same in both cases and there are no close pair electrons 
in the latter products while there is one close pair in 0F9 o In addi-
tion„ the =1/2 formal charge on the 0 atom in OF would be shifted 
to the other F atom in l/2 0 + ¥ 0 Actually, there would probably 
be little difference in the energies of the two systems^ but9 in 
any case? the OF" ion has not been observed except in mass 
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spectrometry,, The only reported observation of it is from the studies 
for this thesis in which an extremely small ion current due to OF-
was observed when very large samples of OF- were emitted into the 
spectrometer (see Appendix C) 0 
The 0F9 ion, which is isoelectronic with both O F and NF_, 
has 19 valence-shell electrons and actually has no electronic structure 
that would appear to be very satisfactory0 The only structures that are 
somewhat reasonable are 
(XI) 
and its mirror imageQ The formal charges are + l/2, + l/2, and zero 
for the left F atom,, 0 atom,, and right F atom? respectively0 The 
+ l/2 charge on the F atom is not very satisfactory and this situation 
is even poorer due to the + l/2 charge on the adjacent 0 atom. Struc-
ture XI would indicate that D(F - OF ) might possibly be slightly 
greater than D(F - OF) which was reported to be 65 Kcal/mole from 
electron impact studies but only about 40 Kcal/mole from kinetic datac 
The electron impact studies also gave a D(F - OF ) of 48 Kcal/mole 
which is intermediate between the extremes reported for D(F - OF)„ "This 
value of 48 Kcal/mole is actually about equal to the average 0-F bond 
energy of 0F2 of 45 Kcal/mole0 This indicated low value for D(F-OF ) 
might well be partially due to the very unsatisfactory charges of + l/2 
on the adjacent 0 and F atoms0 Values for D(F=0F) and D(F-0F ) 
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have been estimated as 40 and 7 Kcal/mole, respectively, by interpolating 
59 from isoelectronic similarity curves of radicals and ions0 However, 
it does not seem that D(F - OF ) could possibly be this low in view of 
6 the electron impact data for OF' of Dibeler, et alQ The only observation 
of 0F9 has been in mass spectrometry, and it probably will not be seen 
in a stable condensed species0 
Dioxygen Difluoride: Chain Isomer (POOF) 
Dioxygen difluoride has been shown to be a stable species only below 
2 
about 200oK, and microwave studies indicate that it is a nonplanar, 
symmetrical chain molecule very similar to the hydrogen peroxide molecule 
except that it has unusually long 0-F bonds and a surprisingly short 
0-0 bondo In addition, it has been shown that it has a high barrier 
for internal rotation Both of these facts indicate that there must be 
some multiple bonding between the two oxygen atoms which is quite differ-
ent from that in the HOOr molecule0 
There have been several attempts to explain the unusual molecular 
16 parameters in FOOFo Linnett proposed an explanation using the double 
quartet approach which indicates that there are ten possible electronic 
structures if completely ionic structures are also consideredo It seems 
that a presentation of all ten of these structures, along with arguments 
justifying the selection of the most likely configurations, will facili-
tate later discussions of the other oxygen fluorides and hence it will 
be given at this pointo The ten structures are 
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0 = 0 A F-
1 I I 
(XVIII) 
-F ° 0 = 0 A F — 
(XVII) 
and the mirror images of XIII, XV̂ , and XVIII, 
The formal charges on the atoms and the number of close pairs 
of electrons for each of the above structures is given in Table 6o 
Table 6o Formal Atomic Charges and Number of Close 
Pairs of Electrons for the Various 
Electronic Structures of FOOF 
_=„_„_ 
Formal c ;hai ~ges on 
Number of 
Structure F 0 0 F close pairs 
XII 0 0 0 0 7 
XIII -1 0 +1 0 6 
XIV -1 +1 +1 -1 2 
XV -1/2 0 + 1/2 0 1 
XVI -1/2 +1/2 +1/2 -1/2 0 
XVII -1/2 +1/2 +1/2 -1/2 0 
XVIII -1 +1/2 +1 -1/2 0 
Linnett stated that XIII, XIV5 and XVIII are probably of low importance 
because of the existence of a formal charge of + 1 on at least one of 
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the oxygen atoms0 Structure XII was considered as probably unimportant 
due to the high inter-electron repulsion energy resulting from the pres-
ence of seven close pairs0 This leaves XV and its mirror images XVI^ 
and XVII, but XV has one close pair of electrons which would tend to 
reduce its importance0 Howevers XV would be favored relative to XVI 
and XVII by the fact that only two atoms carry formal charges of l/2 as 
opposed to four for XVI and XVII. Consequently, Linnett stated that all 
four structures^ XV and its mirror image, XVI ? and XVII should be given 
about equal weighto However9 this would give an 0 = 0 bond that would 
be expected to have a length of about 1.24 X (between 1028 X in 0
 r and 
lo21 A in 0 ), and the observed length is 1„22 A- Hence, Linnett con-
cluded that XVI and XVII are the major contributors to the structure of 
FOOFo These structures indicate that the 0 = F bonds are single electron 
bonds while the 0=0 bond has four electrons,. This would explain the 
unusual bond lengths in 0 F9? as well as its high barrier to internal 
rotationo It is also interesting to note that arrangement of the elec-
trons tetrahedrally about the atoms9 as proposed by the double quartet 
models would result in a dihedral angle of 90° for structure XVII which 
2 
is very close to the actual value of 8705° determined by Jackson* 
The fact that XVI and XVII give an 0=0 bond that contains four 
electrons would indicate that its bond strength would be essentially the 
same as that of Ô o However^ the presence of a formal charge of + l/2 
on each of the 0 atoms would probably tend to reduce the bond strength 
somewhato It was determined in this work (see Chapter III) that this is 
actually the case0 The 0=0 bond in FOQF was determined to be 405 ev 
as compared to D(09) = 5,1 ev0 In addition, it was shown that the 0-F 
146 
bond energy was only 0o8 ev which is very weako Both of these facts would 
definitely support the proposed structures, XVI and XVII0 
2 
Jackson has discussed the several differences between the FOOF 
and HOOH molecules and compared the 0F9 and FOOF system with the 
H O and HOOH system0 He pointed out that in HOOH the 0-0 bond 
length (l»48 A) is very similar to that in other peroxides and that the 
0-H bond (0.95 X) is like that in H 0(0o96 A)„ In contrast, the 0-0 
bond in FOOF (l022 A) is much shorter them in HOOH and the 0-F 
bond (lo58 A) is much longer than in F 0 (1,41 A)0 In addition, the 
dipole moments indicate that the 0-F bond moment in FOOF is four times 
as large in 0F9? whereas the bond moments in HJD and HOOH are very 
nearly equals 
2 
Using a valence bond approach for describing FOOF, Jackson 
has proposed that there are considerable contributions from ionic struc-
tures of the type F Or^:0+Fo He pointed but that this would lead to 
a shortening of the 0-0 bond and a lengthening of the 0-F bondo 
The electronegative character of fluorine would tend to make these ionic 
contributions energetically favorable0 In F 0, contributions from 
z. 
structures of the form F O F might be expected to be small because 
the two fluorine atoms are competing for electrons from only one oxygen0 
In HJD-, on the other hand, the ionic contributions are of the form 
H 00H and there is no tendency for double bond formation between the 
two oxygen atomse Also, it would be expected that structures of the type 
H OH would contribute to the overall structure of waterQ These proposed 
differences in ionic structures would account for the large differences in 




Libscomb has proposed still another explanation for the unusual 
structure of FOOF using a molecular orbital description0 He proposed 
that the 2py=orbital on one of the 0 atoms can overlap with the 2py-orbi-
tal on the second 0 atom to form the it y * 2p-molecular orbital which has 
one electron in ito Hence, a fluorine atom can bond to the icy*2p-orbital, 
adding an electron,, to give a resultant electron pair in a three-center 
orbitalo A similar situation would exist with the 2pz-orbitals and the 
second fluorine atom0 The molecular orbitals for CU are represented in 
Fig0 21A and a diagrammatic representation of the proposed bonding molecu-
lar orbitals in O9F9 is given in Fig0 21Bo It was pointed out that the 
three-center orbitals indicated do not have the full symmetry of the 
whole moleculeo However9 from the point of view of transferability to 
other similar molecules, Libscomb found it more convenient to consider 
them in that way rather than to consider the appropriate linear combina-
tion which would have the full symmetry of the moleculeo Jackson stated 
that this description would certainly account qualitatively for the 
observed molecular parameters in FOOF0 He pointed out that the disso-
ciative energy of F9 (36 Kcal/mole) is much lower than for the other 
halogens, and that this is normally ascribed to repulsion between pairs 
of non-bonding electrons on the fluorine atoms0 He stated that a similar 
effect in FOOF would favor the bonding scheme above over the normal 
covalent bonding in HOOHo It was further pointed out that OF^ cannot 
form the three-center orbital bonds and that the 0-F bond is much 
weaker than the 0-H bond in H O , which supports these argumentSo 
He also stated that the three-center bond would also account qualitatively 
lhQ 
r*2p 













Figure 21. Molecular Orbitals in 0 and Diagrammatic Representation of 
the Bonding Molecular Orbitals in O F . 
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for the fact that the barrier to internal rotation is considerably higher 
than that reported for HOOH. 
Unusual bonds in other molecules similar to FOOF have been 
13 
reported in the literature0 Electron diffraction studies of C1SSC1 
and BrSSBr have indicated that the S-S bond length in both species are 
shorter than is usually found for a singly bonded S - S link and that 
the S - CI bond in C1SSC1 is longer than that found in SCl9o For 
76 ° 
instance, the normal single S -S bond is reported to be 2o04 A in 
SQ and 2o05 A in HSSH, while the S-S bond is only 1089 A in o 
77 14 
FSSF which is identical to the value reported for S^ Bauer has 
also shown that the N-F bond in FNNF is longer than expected for a 
normal single bondo 
From the above discussions it is quite obvious that the FOOF 
molecule has very unusual molecular parameters, as do several other 
similar species,, and that a reasonable explanation of these properties 
is highly desirable. It seems that the three explanations presented, 
using the double quartet, valence bond, and molecular orbital approaches, 
are all reasonably acceptable for describing the situation However, 
the double quartet approach permits a relatively simple description of the 
species compared to the molecular orbital approach and appears to permit 
a better qualitative feeling than the valence bond approach for the 
electronic repulsion and geometry resulting from the various electronic 
structures of the moleculeSo It is obvious that the double quartet 
approach does not offer the final word on the description of the elec-
tronic structures of species0 However, it does seem reasonable, in view 
of its success in explaining the unusual nature of the simpler oxygen 
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fluorides,, that it might offer some valuable insight to the question 
concerning the possible existence and structures of the other reported,, 
but more complicated,, molecules (i0e0S) O F and 0 Fn)
 a s well as 
other unreported species0 Hences this approach will be used almost 
exclusively in the remainder of these discussions0 The general approach 
for each species will be very similar to that used for the FOOF mole-
cule, but only the more reasonable electronic structures of each will be 
presentedo 
FOOF~ Ion 
The possible existence of negative ions of the oxygen fluorides 
was considered to be a strong possibility for the detection of these 
species for the cases where their positive ions were not detectedo For 
instance,, the positive ion of FOOF was not detected in the mass spec-
trometer, and this made the interpretation of the mass spectral data 
somewhat complicated0 It was hoped that the negative ion of FOOF could 
be detected,, which would have simplified the interpretation as was dis-
cussed in Chapter IIIo There would be five bonding electrons in this 
ion, which would give six possible structures according to Table 5o 
However, symmetry of the ion reduces this number to four^ and the most 
reasonable structure is given by 
I I I I 
(XIX) 
which places formal charges of -i/2 on each F atom and zero on each 0 
atom0 This is certainly an acceptable charge distribution and would 
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indicate that it could possibly be somewhat stable,, at least in a mass 
spectrometero However, this ion was not detected in the spectrometer, 
and it could be that the Franck-Condon mechanism is not favorable for 
the formation of this ion from FOOF, which has a somewhat different 
electronic structure, according to XVI and XVII„ 
FOPF* Ion 
The FOOF ion has 25 valence-shell electrons, which result 
in seven bonding electrons,, Therefore, Table 5 indicates that there 
would be 15 possible structures, but symmetry of the ion reduces the 
possibilities to tenQ Of these ten possibilities, there is only one 




which gives formal charges of zero on both F atoms and + l/2 on each 
0 atom0 The positive formal charges on the adjacent oxygen atoms are not 
completely satisfactory, and, in addition, there would be two close pairs 
of electrons, which would result in a relatively high electronic repul-
sion energye This would indicate that this ion would be relatively 
unstable if it exists at alio It would almost certainly be less stable 
than the FOOF molecule,, This could be the reason that it was not 
detected in the mass spectrometer in these experiments,, However, another 
explanation for this could be that the electronic structures of FOOF 
and FOOF are quite different, as is indicated by their proposed struc-
tures, and the Franck-Condon mechanism might not favor the formation of 
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the ion from the molecule,, 
Dioxygen Difluoride: Branched Isomer (0 —0F~) 
The possible existence of a branched isomer of CUF<? is of par-
ticular interest since two isomers of disulfur difluoride, FSSF and 
15 
S — SF , have been observed,, Seel and Budenz have very recently 
reported that they have also observed a stable dimer of these isomers, 
FSSF'Ŝ ŜF,-,,, The FSSF isomer has very similar molecular parameters 
to FOOF, and it might be expected that the isomer, O^^OF^, might 
also exist and have molecular parameters similar to S^^SF^o The fact 
that early kinetic data indicated that 0<?F<? had a branched structure 
is added reason for considering its possible existence*, 
There are seven possible structures for 0 —OF-, but only six 
of these merit consideration. They are 
kFv , ^K 
I tyr\ 1 A y
r\ 
— 0—iiOl ° 0 — -0 
1 v 1 i-< 
/ \ / A \ (XXI) (XXII) 
\ 
\ 
G- = 0 
/ 1 i / 
A 
F \ 
— o-f-o A 
I • / 
A\ 
(XXII I ) (XXIV) 
and the mirror image of XXII„ Structure XXI probably would be of little 
importance since it places formal charges of - 1 and + 1 on the terminal 
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and center 0 atoms, respectively0 Structure XXII and its mirror image 
give a formal charge of -l/2 on the terminal 0 atom, + 1 on the center 
0 atom, and -l/2 on one of the F atoms and zero on the other. These 
structures also require a close pair of electrons0 Structures XXIII 
and XXIV both place formal charges of zero and +1 on the terminal and 
center 0 atom, respectively, and -l/2 on each F atom* It seems likely 
that XXIII and XXIV would be more important than XXII and its mirror 
image since the formal charge of -l/2 on the 0 atom of the latter is 
shifted to the more suitable F atom in the former» In addition, there 
are no close pairs of electrons for XXIII and XXIV as there is for XXII 
and its mirror image0 The positive formal charge of + 1 on the center 
0 atom for these two structures is not considered very suitable, but not 
impossible0 For example, the ozone molecule has formal charges of -l/2 
on each of the terminal atoms and + 1 on the center atom, which is essen-
tially the same situation as in XXIII and XXIVc Both XXIII and XXIV 
would give non-planar structures very similar to that of S — S F 0 
From the above analysis it might be expected that a branched 
isomer of ®r?2 could possibly exist, and that it could possibly be 
stabilized at very low temperatures0 However it would almost certainly 
be much less stable than the chain isomer, FOOF, which decomposes at 
about 200°K. If the unsymmetrical isomer is ever detected, it would be 
expected to have molecular parameters very similar to those of the S H S F 
molecule0 There has been no direct evidence reported for the existence of 
the 0^^0F„ species, and no evidence was obtained in this work for its 
existence as was pointed out in Chapter III0 
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Dioxygen Fluoride Radical (OF) 
The O F free radical contains 19 valence-shell electrons and 
is isoelectronic with NF and OF „ The possible existence of this 
species was a very interesting question prior to this work since no one 
had succeeded in detecting any free radicals of oxygen and fluorine., 
Using the double quartet approach, this species should have six bonding 
electrons and five possible electronic structures,, However, the only 
three that seem reasonable are the following 
I 4- I • k • IA \ • I . 
„ o—0--F-— —0-4-0 • F — 0 = 0 A F — 
I I I ' I I / I I 
(XXV) (XXVI) (XXVII) 
For structure XXV, the formal charges on the terminal 0, center 0, 
and F atoms would be - l/2, + l/2, and zero,respectively* These are 
quite acceptable, but a shortcoming of this structure is that is con-
tains a set of close pair electrons which are indicated by the heavy 
black lineQ This would result in a relatively large interelectronic 
repulsion force and would be somewhat unfavorable energetically» The 
corresponding formal charges for both of the structures, XXVI and XXVII, 
are zero, + l/2, and - l/2, which is certainly acceptable* Actually, 
this formal charge distribution would be more favorable; than that in 
XXV since the negative formal charge is shifted from the terminal 0 atom 
to the F atom which is more suitable,. In addition, there are no close 
pairs of electrons in XXVI and XXVII as there are no close pairs of elec-
trons in XXVI and XXVII as there is in XXV, 
These qualitative arguments would indicate that structures XXVI 
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and XXVII would probably contribute most to the structure of the O F 
radical. Examination of the geometry of these structures, using the 
tetrahedral arrangement of the electrons about the atoms as proposed by 
the double quartet model, indicates that the species would be nonlinearo 
In fact, the arrangement would be essentially the same as that of the 
OJr moeity in O^F 0 It can be seen that the electronic configuration 
of structures, XXVI and XXVII, are identical to the structures of FOOF, 
XVII and XVIII, presented earlier, but with one of the fluorine atoms 
removedo Assuming that XXVI and XXVII are the major contributors to the 
structure of OJr, it would be concluded that the 0-0 bond would be 
essentially double bond in character while the 0 - F bond would be very 
weak as was the case for the FOOF molecule. Actually, the 0-0 bond 
would probably be slightly stronger in 0_F than in 0 F~ because both 
0 atoms in OF would have a positive formal charge of l/2 which would 
tend to reduce their bonding energy. 
19 On the basis of the above analysis, it was proposed that this 
radical might well exist at low temperatures,* Subsequent to this pro-
posal, 0~F has been synthesized and investigated in the vapor phase as 
part of this thesis as was discussed in Chapter III- In addition, it has 
been trapped in a solid matrix at liquid helium temperatures and studied 
by infrared techniqueSo It has also been observed in the liquid phases of 
Q C Q / 07 
0-F and 0 F~ by epr studies. ' 9 It is very interesting to note 
that the bond energies of 0_F measured in this work, as well the ir 
25 data, supported the proposed structures, XXVI and XXVII. The 0-0 
bond was measured to be 408 ev which is intermediate between the values 
of 4,5 ev and 501 ev for FOOF and 0 , respectively. In addition, 
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the 0-F bond was calculated to be 0.8 ev, which agrees with a value of 
0.7 ev estimated from kinetic data and supports the proposed structures 
which indicate a single electron bondo 
A valence bond description of O^F would indicate a large con-
tribution from the ionic form F 0 = 0 , which would result in a short-
ening of the 0-0 bond and a lengthening of the 0 - F bond. A molecular 
orbital description of 0~F has also been proposed by Kasai and Kirshen-
baumo They proposed that the main electronic features of FOOF, pro-
2 
posed in Jackson's paper, are still maintained in 0_F, just as was 
indicated above in the double quartet description. 
02F Ion 
The O F ion has 20 valence-shell electrons and is isoelectronic 
with OF^. There are three possible electronic configurations for this 
species, but only one of them seems reasonable. It is 
I A I I* 
• 0—0 • F— 
I I I 
(XXVIII) 
which gives formal charges of -l/2, zero, and -l/2 on the terminal 0 
atom, center 0 atom, and F atom, respectively. Actually, these are 
quite acceptable formal charges, and it seems that this ion could possi' 
bly be stabilized under special conditions. It was not observed in the 
investigation of the negative ions of FOOF in this work, but, once 
again, it can be seen that the electronic configuration, XXVIII, is 
somewhat different from that of FOOF and 09F and its formation in 
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the mass spectrometer may not be favoredo 
CUF Ion 
The CLF ion has six bonding electrons and there are three 
electronic structures that seem reasonable.. They are 
(XXIX) (XXX) (XXXI) 
Structure XXIX gives formal charges of + l/2, + 1, and -l/2 on the 
terminal 0 atom, center 0 atom, and F atom, respectively. The cor-
responding formal charges of XXX and XXXI are zero, + 1, and zero0 The 
formal charge of + 1 on the center 0 atom for all these structures is 
not entirely satisfactory0 Structures XXX and XXXI would be favored over 
XXIX in that there are formal charges on all the atoms in XXIXo However, 
XXIX would be favored over XXX and XXI in that the latter structures have 
a close pair of electrons0 Consequently, it seems reasonable to assume 
that all three of these structures would contribute to the overall struc-
ture of Ô Fo This would indicate that the bonds would be slightly 
greater than in CLF, but the large formal charge on the center 0 atom 
would tend to weaken the bonds so that the difference would probably be 
small. These trends were shown to exist in this work, in which the 0-0 
bond was determined to be 502 ev and the 0-F bond was 0o4 ev„ The 
corresponding bonds in O F were 408 ev and 0»8 ev» 
Ozone Difluoride (0 Fj 
Ozone difluoride has been reported for several years, but no direct 
158 
observation of it as a molecular entity has been made0 Consequently, 
its structure is still unknown** However, epr and chemical studies of 
the liquid phase of this species, which were discussed in Chapter I, 
indicate the presence of a relatively high concentration (5 - 10 per cent) 
of the CLF free radical„ In addition̂  it is known that it decomposes 
at 110°-120°K primarily into O9F9 and CL0 Further̂  the mass spec-
trometric data discussed in Chapter III indicated that it either had 
both F atoms on the same 0 atom or decomposed in some manner forming 
appreciable amounts of OF̂ o 
If this species is really a molecular entity, there are four 
possible arrangements of the atoms, omitting cyclic structures,, They 
are 
F .F 
0—b—0 0—0—0 F — 0—0—0—F F — 0 — 0—F 
I \ F I 
F 0 
(A) (B) (C) (D) 
The molecule would have to contain eight bonding electrons which would 
indicate that there are 35 different arrangements of the electrons in the 
four bonds for each type structure,, However, symmetry in A, B, and 
C reduces the number of possibilities for these arrangements,, Elimina-
tion of the structures that would place a positive charge of greater than 
+l/2 on either fluorine atom also reduces the number of possibilities,, 
Since the mass spectra suggested the possibility that the structure of 
0 Fp might be like that of A or B, in which both fluorine atoms 
are on the same oxygen atom, they will be discussed first0 
Arrangement A would correspond to the structure of sulfuryl fluoride 
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SO^F^, which has a tetrahedral arrangement of the atoms0 Of the large 
number of possible electronic structures, there are only eight that 
merit close consideration They are 
— F — , , — F -
0 — 0 — i o-j-o — 
(XXXII) (XXXIII) 
I 1 l 7*71 
— 0—0-^-0* ° 0-*-0 — O i 
— F — I ' — E — ' 
r i» 
(XXXIV) (XXXV) 
the mirror image of XXXIII and three mirror images of XXXIVo All the 
possible configurations for this arrangement places a formal charge of 
+ 2 on the center 0 atom which would definitely be considered prohibitive 
by the general arguments of Linnetto None of these electronic structures 
would be paramagnetiCo Structure XXXII places a formal charge of -1 on 
each of the terminal 0 atoms and zero on both F atoms while XXXV has 
corresponding charges of -l/2 for all four of these atoms0 Structure 
XXXIII and its mirror image place formal charges of -l/2 on each of the 
F atoms, -1 on one of the terminal 0 atoms, and zero on the other 0 
atomo The formal charges for structure XXXIV and its three mirror images 
are -l/2 for one of the F atoms and one of the terminal 0 atoms, -1 
for the other terminal 0 atom, and zero for the other F atomo There 
should not be a large difference in energy for any of these four elec-
tronic structures, but XXXII would probably be the least important since 
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it has four close pairs of electrons and a formal charge of -1 on both 
terminal 0 atoms0 In addition, it would seem that XXXIII, XXXIV, and 
their mirror images would be less important than XXXV since they all 
have a formal charge of -1 on one terminal 0 atom as well as close pairs 
of electronso Hence, it appears that structure XXXV would probably be the 
major contributor to the electronic structure of 0-F^ if it has the 
tetrahedral type structure„ The + 2 formal charge on the center 0 atom 
would definitely be considered prohibitive according to the arguments of 
Linnett, but the symmetrical distribution of negative charges on all the 
other atoms surrounding it could possibly offset this unfavorable situa-
tion, at least partially*, In any case, there are a few isolated cases known 
in which an 0 atom is tetracovalento For instance, there are a few donor-
acceptor compounds in which the oxygen atom in an ether donates both lone 
78 
pairs, as in the very unstable etherate of ethyl dichloroboron 
CI 
2 5 | *v / 2 z> 
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It would seem that this type of bonding might even be more favorable in 
0_F^ as a result of the strong oxidizing character of fluorine*, 
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It is interesting to note that XXXV has essentially the same 




which was proposed by Linnett, with the F atoms very loosely bonded 
to the center 0 atom0 This would indicate that the fluorine atoms 
could be easily removed from O F . giving F0 and 0^. However, it 
•i z. d. o 
is known that the species decomposes primarily into CLFo and 0^, 
apparently by way of the O F free radical0 It hardly seems likely that 
any of the above structures would decompose very readily by way of the 
OpF radical0 In view of this, as well as the extremely unfavorable 
formal charge distribution, it seems fairly unlikely that CL^o has 
the type of structure indicated by Ao 
Arrangement B has seven electronic structures in which the formal 
charge distributions are quite satisfactory,. They are 
0-*-0 
(XXXVII) (XXXVIII) 
\ / \ / 
\ . I/N I A ./\ 
0 = 0 A 0 , A O — 0 — 0 
y i r / I I IV 
(XXXIX) (XL) 
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and the mirror images of XXXVIII, XXXIX, and XL. The formal charges for 
the above structures can readily be calculated,. However, there is no 
need to discuss them since none of the above electronic arrangements 
could be obtained without destroying the tetrahedral arrangements of 
the electrons as proposed by the double quartet model» Regardless of 
this fact, it does not seem that CU^o could have this type of struc-
ture in that none of the above arrangements would appear to be favorable 
for the formation of the Ô F radical.. It is interesting to note, 
however, that XXXVII, XXXVIII, and XXXIX would probably be quite favor-
able for a direct decomposition into 0_ + 0F,5. 
There are eleven chain structures, like C, that merit considera-
tion. They are 
F-0-0—0-F | A| |"j"f Pi"!"?"'" 
(IXL) (VTIIL) (VIIL) 
-TF • o—o-^-o I 4 I . 
F""»0 • O-^-O1 
(VIL) (VL) 
I A| • . • L I Al A . |. 
-F—"0 • 04-0 • F^— — F ~ 0 • 0 = 0 A F — 
I I I I I I I I I I 
(IVL) (IIIL) 
and the mirror images of VIIIL, VIIL, VIL, VL, IVL, and IIIL. The 
formal charges on the atoms and the number of close pairs of electrons 
for each of these structures is given in Table 7e Structures IXL and 
VIIIL would probably be of little importance due to the large number 
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Table 7e Formal Atomic Charges and Number of Close 
Pairs of Electrons for the Various 
Electronic Structures of the 
Chain Isomer of FODOF 
Formal charges on 
Number 
of close 
Structure F 0 0 0 F pairs 
IXL 0 0 0 0 0 10 
VIIIL -1/2 0 +1/2 0 0 4 
VIIL ^1/2 "1/2 +1/2 +1/2 0 2 
VIL "1/2 "1/2 +1/2 +1/2 0 2 
VL 0 -1/2 0 +1/2 0 2 
IVL 0 -1/2 +1/2 +1/2 -1/2 0 
IIIL 0 "1/2 +1/2 +1/2 -1/2 0 
of close pairSo In addition, neither of them would seem to be particularly 
favorable for formation of the CLF radical<, Structures VIIL and VIL are 
essentially identical except VIIL is paramagnetic (it has two unpaired 
electrons) and VIL is note The nonuniform charge distribution and pres-
ence of two close pairs would probably reduce their contribution to the 
overall structure considerably„ Further, they do not appear to favor the 
formation of O F either,, Structures VL, IVL, and IIIL all have quite 
acceptable formal charges and would seem to favor a decomposition by way 
of the O F radical due to the single electron bond between the OF and 
O F groupso However, the presence of two close pairs would tend to 
reduce the importance of VL relative to IVL and IIIL„ Hence, these last 
two structures would appear to be the major contributors to the struc-
ture of °^F2 if it really has this chain structure* Actually, struc-
tures IVL and IIIL are essentially identical» It is interesting to note 
that these two structures have the basic features of the O F and OF 
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radicals joined by a very weak bondo In fact,, the O F group in IVL 
and IIIL has essentially the same electronic configurations as do 
structures XXVIII and XXVII, respectively, of the CLF radical that 
were proposed earliere Several investigators have stated that it seems 
impossible for O^o "to have a chain structure.. The primary reason for 
this conclusion seems to be that no obvious mechanism appeared available 
for its decomposition into O9F9 and 0 0 However, structures IVL and 
IIIL do seem to offer a favorable path for this decomposition as was 
discussed in Chapter III0 It appears that, according to the qualitative 
criteria of the double quartet model, that these two structures would 
be quite favorable for O^o* but the single electron bonds would 
result in it being a rather unstable species, which is the case0 In 
addition, their electronic structures would account for the unusual 
physical and chemical behavior that it exhibits0 Hence, it seems 
reasonable to conclude that the O^^o molecule could well have a chain 
structure like C, and that IVL and IIIL would probably contribute about 
equally to its electronic structure,, 
72 
Siegel and Schieler have proposed that the electronic structure 
of O^F? is probably of type D with an 0 atom loosely bonded to the 
0_F« molecule0 There are twelve structures like D that merit consid-
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and the mirror image of eacho Table 8 summarizes the important features 
of each of these structures,, From Table 8 it can be seen that all of 
these structures place a + 1 formal charge on the tricovalent bonded 
0 atom, which is not entirely satisfactory,, The -1 charge on another 0 
atom for IIL? as well as the large number of close pairs would probably 
render it unimportant0 The presence of four close pairs in IL and the 
-1 charge on the 0 atom in L would probably make these two structures 
unimportant.. Structure LI would probably be less important than LII 
Table 8» Formal Atomic Charges and Number of Close 
Pairs of Electrons for the Various Elec-
tronic Structures of F0(0)0Fo 
Formal charges on Number 
of close 
Structure F 0 (0) 0 F pairs 
IIL 0 1 -1 0 0 7 
IL -1/2 1 -1/2 0 0 4 
L -1/2 1 -1 1/2 0 1 
LI 0 1 -1/2 -1/2 0 2 
LII -1/2 1 0 -1/2 0 1 
LIU -1/2 1 0 -1/2 0 1 
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and LIII since it has two close pairs and the? -l/2 charge on two 0 
atoms, while the latter two have only one close pair and a -l/2 charge 
shifted to a fluorine atom which is more favorable*. Therefore, on the 
basis of the formal charge distribution and number of close pairs, it 
would be expected that LII and LIII would be the major contributors to 
the structure of FO(0)OF. In addition, these are the only two struc-
tures of this type, except for LI, that would favor the formation of the 
0,-F radical. No structures of this type were considered acceptable in 
which the branched 0 atom was only loosely bonded (i.e., a single elec-
tron bond) since they would all require a + 1,5 formal charge on the 
0 atom which is considered prohibitive,, They also did not favor the 
formation of the Ô F radical0 A comparison of LII and LIII with IVL 
and IIIL show that they have quite similar structures and might behave 
chemically in essentially the same manner0 However, it seems that the 
chain structure, FOOOF, would be more favorable than the branched struc-
ture, FO(0)OF, since the + 1 formal charge on one of the 0 atoms in 
LII and LIII is not very satisfactory, whereas this situation does not 
exist in IVL and IIILo In fact the charge< distributions in IVL and IIIL 
are almost identical to those in XVI and XVII that were proposed by Linnett 
for 0oFo° In view of these facts, it seems quite possible that the 
electronic structure of OqFo is described satisfactorily by a combin-
ation of structures LII and LIII, This conclusion is certainly supported 
by the physical and chemical behavior of this species, as was discussed 
in Chapter III. 
Tetraoxygen Difluoricle {O.F^) 
27 28 
Tetraoxygen difluoride was first reported in 1961, ' and very 
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little is known about it. It has been reported that it is fairly stable 
below 90°K but decomposes quite rapidly at 95° - 105°K into 03F2 and 02. 
35 Epr studies have indicated that it is very strongly paramagnetic, but 
that the epr signal is different from that obtained for 0_F_ and OF., 
This would indicate that the epr signal is not due to the Ô F free 
25 radical. However, infrared studies by Arkell have indicated that O.F-
consists of two very loosely bonded 0_F radicals. These studies 
indicated that the properties of the O^F radical are essentially main-
tained in the O F moiety of O^o-
Theoretically, there are numerous possible arrangements of the 
atoms and electrons in the bonds for this species. However, it seems 
that a reasonable approach for proposing the description of this species 
is to let its physical and chemical properties serve as guidelines. 
There are four chain structures in which the basic features of the Ô F 
?5 radical are maintained as indicated by the ir studies. " They are 
ll • A • I A I li .1 • » I A I L 
-F • O-f-0 • 0-*-0 • F— — F k 0 = 0 • 0 — 0 • F*— 
l I I I l I I I I | I | 
(LIV) (LV) 
and the mirror image of both. Both structures have formal charges on 
the atoms, starting at the left, of -l/2, +1/2, +l/2, zero, zero, and 
-l/2. These structures have the basic features of two O.F radicals 
joined by a weak single electron bond. This would imply that there is 
a true chemical bond between the two radicals, despite the fact that 
it is quite weak. Arkell has suggested that the radicals might be 
bonded in a manner similar to the very weak bond between two oxygen 
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molecules in the dimer, 0. (D(09-0 ) = 0.13 Kcal/mole which is not 
considered in the region of a true chemical bond). Regardless of how 
the two radicals are bonded, it is not obvious how this structure would 
result in a decomposition into 0_Fo and 0o. It would appear that a 
direct decomposition into O9F9 and O9 would be favored,, 
72 
Siegel and Schieler have suggested that O4F9 might have a struc-
ture of the type 
F—0—0—F 
I i 
There does not appear to be a reasonable electronic structure, using the 
double quartet model, in which the branched 0 atoms are only weakly 
bonded as suggested by Siegel and Schieler. There are two structures for 
this type of arrangement which have the basic features of two O F 
radicals joined by a single electron bond. Neither of them would be 
paramagnetic and there charge distributions are not as favorable as for 
the case where the radicals are bonded between the terminal 0 atoms as 
in LIV and LV. Consequently, it seems that structures LIV and LV could 
possibly be a satisfactory description of the O.F~ molecule. 
A short summary of the proposed structures of 0_, 0_F, FOOF, 
0:zzOF_, OF., and O4F9 using the double quartet description, points 
out the close similarities in their electronic structures,, There were 
two structures proposed for each of the species, and it can be seen 
that one set has essentially the same configuration as 0_ in its ground 
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while the o ther s e t has the f ea tu re s of 0« in i t s f i r s t exc i ted s t a t e 
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A I A I U 
F ™ 0 • 0 = 0 A F-*— — - F A 0 ^ = 0 • 0-^-0 • F ~ -
( I H L ) (LV) 
As was indicated through the discussions to this point, it seems rea-
sonable to assume that both structures for each of these species would 
contribute about equally to their overall structure,, 
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APPENDIX B 
DESIGN CONSIDERATIONS AND CALCULATIONS 
FOR THE CRYOGENIC REACTOR-INLET SYSTEM 
The most important factors considered in the modification and re-
building of the cryogenic reactor and inlet system designed and built by 
3 
McGee and Martin for the Bendix Time-of-Flight Mass Spectrometer were 
discussed in Chapter II. The major results of calculations indicating 
the relative sensitivity of coaxial and perpendicular inlet arrangements 
were also presented,, Since these design considerations and calculations 
give insight into the importance of the physical arrangement of inlet 
systems for investigation of thermally unstable species, it seems that 
a more detailed discussion of the mechanical considerations and mathema-
tical developments should be presented. That is the purpose of this 
appendix. 
Perpendicular Versus Coaxial Entrance Inlet Systems 
The original cryogenic inlet system was designed for a perpendi-
cular entrance primarily for mechanical reasons, principally the follow-
ing: (a) the ion source of the mass spectrometer is located in a cross 
with all its electrical connections entering through a header directly 
opposite the drift tube and hence coaxial with the drift tube, while the 
entrance perpendicular to the drift tube is completely unobstructedc 
Consequently, the size and flexibility of design of a coaxial entrance 
assembly would be greatly restricted while the perpendicular entrance 
permits insertion of an inlet system of almost any reasonable size or 
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design; (b) the geometry of the ion source permits insertion of a narrow 
metal extension piece between the ion grids to admit the sample directly 
into the ionizing electron beam when using the perpendicular entrance, 
whereas a coaxial inlet requires (without significant modification of 
the source structure) emission of the gas at a minimum distance of 3 mm 
from the electron beam; and (c) an extension piece for the perpendicular 
entrance assembly permits emission of the sample gas directly into the 
electron beam in a collision free manner and with the gas at essentially 
the same temperature as the inner chamber (see (17) of Fig„ 2) of the 
cryogenic inlet system. The coaxial entrance would require passage of the 
gas through a small hole in the "backing plate" of the source structure 
which cannot be readily cooled below room temperature^ 
Since the need for increased sensitivity was a primary reason for 
modification of the original inlet system, a major consideration in com-
paring the coaxial and perpendicular arrangements was the relative sensi-
tivity of the two systems. A species exerting an equilibrium vapor 
-4 -5 
pressure of 10 -10 torr in the inlet system results in a very slow 
flow rate through the exit channel into the spectrometer,, Hence, gaseous 
species must be emitted almost directly into the electron beam to be de-
tected while exerting such low vapor pressures. It was pointed out above 
that the perpendicular arrangement permits injection of the gas sample 
directly into the electron beam, but it views the narrow side (0.076 x 
0.64 cm) of the rectangular beam. The coaxial arrangement views the 
_ 
In other related experiments the backing plate has been removed and the 
fast reaction inlet port in the bendix source has been enlarged, and 
hence the disadvantages of the coaxial arrangement included under items 
(b) and (c) above are somewhat reduced in importance. 
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broad side of the beam (0.50 x 0.64 cm), but the gas is emitted at a 
distance of 3 mm from the beam* 
Since it was not obvious which system would give the greatest sen-
sitivity, it was necessary to make calculations to determine if there 
was a significant difference in the two approaches. If the coaxial in-
let was two or three orders of magnitude more sensitive than the per-
pendicular inlet, it almost certainly would have been desirable to build 
a front entrance assembly despite the several mechanical disadvantages 
discussed above. 
Since it is necessary to detect and investigate the condensed 
species that we are interested in at the lowest possible temperatures, 
and hence also at the lowest possible vapor pressures (10 -10 torr), 
the flow of these species through the exit channel of the inlet system 
(hereafter this channel will be referred to as the inLet channel to 
the mass spectrometer) will certainly be molecular. Therefore, for an 
2 
inlet channel of given cross-section, %r , and length to radius ratio, 
L/r, it is possible to calculate the number of molecules effusing per 
unit time from this channel into the vacuum space of the spectrometer. 
The number of molecules, N fl, emitted per unit time per unit solid 
angle in the direction 0 with respect to the center line of the inlet 
channel (see Fig. 2l),may be developed in the form of the usual cosine 
distribution function multiplied by a deviation factor, J, which is a 




 e J COS0 (1) 
tt) TZ 
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N is the rate at which molecules enter the sample inlet channel and is 
given by the product of the molecular number density in the sample re-
servoir, the average molecular velocity, and the sample inlet area, i.e., 
PA/(2itmkT) ' 0 As was originally developed by Clausing, the deviation 
factor, J, in Equation (l) is given by one of two equations, depending 
on the value of = ^° 
2r 
For p < 1 
J = 1 - -2 (l - 6)(sin""1p + p/l - p2 ) (2) 
it 
4 / x i - h - sL 
or for p _> 1 
v3n p 
where 




(L2 + 4r 2) X/ 2 
J has a maximum value of lo0 for an infinitely thin edge orifice and de-
creases with increasing —. Therefore, for a thin edge orifice the mole-
cules effuse out of the inlet port in a simple cosine distribution of 
intensities; whereas replacement of the orifice with a long channel of 
the same cross-section would result in a reduced but more directed flow,, 




Figure 22. Spherical Coordinate System for Calculating the 
Number Density of Molecules at Any Point, (p, 6, <j?) , 
for the Efflux of a Gas Through a Hole in a Thin Edge 
Orifice. 
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are shown qualitatively in Fig8 23. From this Fig„ 23 it is evident that 
for a fixed upstream pressure both the intensity at any angle and the to-
tal flow will be a maximum for a thin edge orifice for which case J has 
the value of unity* Hence, a thin edge orifice inlet port would corre-
spond to the optimum design for the cryogenic inlet system. 
Considering the case for which the cosine distribution of inten-
sities is correct, i.e., J = 1, the number of molecules emitted per unit 
of time through the shaded solid angle, dw, shown in Fig. 22 is N,fldcj 
where dw = sinAdOdqp* Hence, the molecular flux at that point is given 
by N (dw/dA) where dA = p^sinQd0d<p8 The number density of molecules, 
D(p,0), at any point is given by the molecular flux divided by the aver-
age molecular velocity, 
D(p,0) = (N sinededcp)/(vp2sined0d<p) (5) 
which reduces to 
N 










Equation (7) gives the number density of molecules at any point in spheri-
cal coordinates and corresponds to Equation (l) of Chapter II. Transform-





Figure 23- Polar Diagrams for the Efflux of Gas Through a Hole in a 
Thin Edge Orifice and Through a Channel of Length Ji with 
the Same Cross-Sectional Area. 
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Nt 
D(x,y,z) = — ' 2 2 A 2x3,72
 ( 8 ) 
TIV U + y + z j 
Since the probability that a given molecule will be ionized during a 
single pass through the election beam is very small, it can be assumed 
that the number of target molecules is undiminished as a result of ioni-
zation and is therefore correctly represented by Equation (8)» 
Defining the sensitivity, S, as described in Chapter II, 
S = K L o v o l „ N e s i d N ( x ^ ' z ) {9) 
where 
dN(x,y,z) = D(x,y,z) dV(x,y,z) (10) 
and N and c$. are the electron flux and ionization cross section, respec-e I * r 
tivelyoFig„ 24 illustrates the general rectangular effective collision 
covolume, covol„, of the electron beam of cross section, 2a x 2b and 
length, (c - c .. ), where c. and c sire the perpendicuLar distances f 
the inlet port to the nearest and far faces of the beam,respectively„ 
rom 
Assuming that 6. and N are constants and using Equations (8) and (10), 
Equation (9) can be written, using symmetry properties, as 
— f* C f^2 9 ^ 9 ?/9 
S-(4N N cJ.K/Ttv) [z/(x + yA + z ) ' Jdxdydz (ll) 
L. " J- tj tfi v 
Integrating directly gives 
.a b 
S = (4N tNe(5 iK/ l lv) J J [ l / ( x




(-a, -b, c2) 
(a, -b, c2) 
(a, -b, Cj) ̂  




j.-(--a, b, cx) 
'la, b, Cj) 
INLET PORT —~~y* (0'°'0) 
-** SAMPLE INLET 
CHANNEL 
Figure 2k. Rectangular Coordinate System for Integrating Over the Effec-
tive Collision Covolume to Determine the Total Sensitivity 
for a Given Position of the Inlet Port Relative to the Elec-
tron Beam. 
179 
S = (4N N ^ K / i t v ) J ln{[b + (x 2 + b 2 + c 2 ) ^ 2 ] [ x 2 + c 2 ] 1 / 2 / ^ + (13) 
o 
/ 2 ^ , 2 ^ 2vl/2-,r 2 , 2-.1/2. . 
(x + b + c. ) ' JL x + c_ J ' j dx 
Equation (13) can be broken up in to four i n t e g r a l s — two of the form 
I x « J In [b + (x
2 + a 2 ) l / 2 ] d x (14) 
and two of the form 
I 2 = J In (x
2 + c 2 ) l / 2 d x (15) 
Evaluat ing the i n t e g r a l of Equation (14) by using p a r t s , the t r igonomet r i c 
s u b s t i t u t i o n a tan © = xs the a l g e b r a i c s u b s t i t u t i o n z = t an 9 / 2 , and 
p a r t i a l f r ac t ions^ one obtains. , 
l1 = xln[b + ( x
2 + a 2 ) l / 2 > b ln{[a + x + ( x 2 + a 2 ) l / 2 ] / [ a - x + ( x 2 + a
2 ) 1 / 2 ] }(16) 
+ 2 ( a 2 - b 2 ) 1 / 2 t a n _ 1 { [ ( a - b ) / ( a + b ) ]
l / 2 x / [ a + ( x
2 + * 2 ) 1 / 2 ] } - x 
Evaluat ing Equation (15) using p a r t s y i e l d s , 
I 2 = x In (x
2 + c 2 ) 1 / 2 - x + c t a n " 1 ( x / c ) (17) 
Using Equations (16) and (17) for eva lua t ing the i n t e g r a l in Equation 
(.13), one o b t a i n s , 
S = [4N tNed.K/irvUa ln[Y 2 (b + ^ ) A X (b + p 2 ) ] (18) 
+ b l n [ ( a 2 + P 2 - a ) ( a i + PX + a ) / ( a 2 + P 2 + a) (oj + Pj - a ) ] 
+ c 2 t a n "
X ( a / c 2 ) - 2 c 2 t a n "
1 [ a c 2 / ( c ^ + b ) ( a 2 + P 2 ) ] 
+ 2c . t an [ a c . / ( a , +b) (a. + p . ) ] - c . t an ( a / c . ) ] 
u / K 2 . 2 , 1 /2 Q / 2 ^ 2v l /2 ^ , 2 L 2v l /2 . . 
where, a = (b + c ) ' \ p = (a + a ) ' \ Y = (a + c ) ' \ and where 
the f a c t o r , J , has been taken to be cons tan t and equal to i t s maximum 
value of un i ty 0 Equation (18) p r e d i c t s the approximate number of molecules 
ionized per u n i t time with the near face of the e l e c t r o n beam a d i s t ance 
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c. away from the sample inlet port for the case where (l) the flow out 
of the inlet channel is molecular, (2) the inlet channel is a thin edge 
orifice, i.e., cosine distribution of intensities out the inlet port, 
(3) the axis of the inlet channel is alined with the center axis of the 
electron beam, and (4) the inlet port is approximately a point source. 
For the perpendicular arrangement of the inlet port relative to 
the electron beam, the geometrical parameters, a, b, and (c^-c, ), are 
0.038 cm, 0.318 cm, and 0.50 cm, respectively0 For the coaxial arrange-
ment these parameters are 0.25 cm, 0..318 cm,, and 0.076 cm, respectively. 
Substitution of these values into Equation (18) for various values of 
c, gives the variation in sensitivity for the two arrangements as a func-
tion of the distance of the sample inlet port from the electron beam. 
A molecule must be considered background after a single collision with 
the surrounding surfaces. The factor S V/N.N d.K (more conveniently 
written Fv) was computed from Equation (18) for both the perpendicular 
and and coaxial arrangements for values of ĉ  between c, = 0 and c, = 3.0 cm 
at intervals of 0,005 cm by using the Georgia Tech B220 electronic compu-
ter. Some of the values of this factor are tabulated in Table 9. Fv is 
equivalent to the fraction of molecules effusing from the inlet port per 
unit time that appear in the effective collision covoLume of the electron 
beam multiplied by the average molecular speed (i.e., N,v/N ) where N, is 
the number of molecules in the collision covolume. 
From Table 9 it was concluded that both the perpendicular and 
coaxial arrangements provide about the same sensitivity at equal displace-
ments from the near face of the electron beam. The sensitivity for the 
coaxial case does not decrease quite as rapidly with increasing c, as 
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Table 9. Tabulated Sensitivities for Various Distances of 
the Inlet Port from the Electron Beam 
FV Fv 
£ I i _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
1 Perpendicular Coaxial ĉ  Perpendicular Coaxial 
(cms.) Arrangement^ Arrangement (cms.) Arrangement Arrangement 
0.000 0.156 0.134 
0.010 0.1380 0.1288 0.425 0.0171 0.0264 
0.020 0.1233 0.1242 0.450 0.0159 0.0244 
0.030 0.1112 0.1296 0.475 0.0148 0.0226 
0.040 0.1012 0.1151 0.500 0.0138 0.0210 
0.050 0.0928 0.1107 0.525 0.0130 0.0195 
0.060 0.0856 0.1064 0.550 0.0122 0.0182 
0.070 0.0795 0.1023 0.575 0.0114 0.0170 
0.080 0.0741 0.0982 0.600 0.0108 0.0159 
0.090 0.0693 0.0943 0.625 0.0102 0.0149 
0.100 0.0650 0.0906 0.650 0.0096 0.0139 
0.110 0.0612 0.0869 0.675 0.0091 0.0131 
0.120 0.0578 0.0834 0.700 0.0086 0.0123 
0.130 0.0546 0.0801 0.725 0.0082 0.0116 
0.140 0.0518 0.0768 0.750 0.0078 0.0110 
0.150 0.0491 0.0737 0.775 0.0074 0.0104 
0.160 0.0467 0.0708 0.800 0.0070 0.0098 
0.170 0.0445 0.0679 0.825 0.0067 0.0093 
0.180 0.0424 0.0652 0.850 0.0064 0.0089 
0.190 0.0404 0.0626 0.875 0.0061 0.0084 
0.200 0.0387 0.0601 0.900 0.0059 0.0080 
0.210 0.0370 0.0578 0.925 0.0056 0.0076 
0.220 0.0354 0.0555 0.950 0.0054 0.0073 
0.230 0.0339 0.0533 0.975 0.0052 0.0070 
0.240 0.0326 0.0513 1.000 0.0050 0.0066 
0.250 0.0313 0.0493 1.200 0.0038 0.0048 
0.260 0.0300 0.0474 1.400 0.0028 0.0036 
0.270 0.0289 0.0457 1.600 0.0023 0.0028 
0.280 0.0278 0.0440 1.800 0.0018 0.0022 
0.290 0.0269 0.0423 2.000 0.0015 0.0018 
0.300 0.0258 0.0408 2.200 0.0013 0.0015 
0.325 0.0236 0.0372 2.400 0.0011 0.0013 
0.350 0.0217 0.0340 2.600 0.0009 0.0011 
0.375 0.0200 0.0312 2.800 0.0008 0.0009 
0.400 0.0185 0.0287 
rameters are a 
3.000 
= 0.038 cm., 
0.0007 
b = 0.318 cm., 
0.0008 
(l) Geometrical pai and Cp-c,= 
0. .500 cm. 
(2) Geometrical parameters are a = 0.250 cm., b = 0.318 cm., and 
c0-c, = 0.076 cm. 
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for the perpendicular case, but the difference is not significant. These 
predicted trends have been experimentally verified. The most striking 
verification of these results was obtained in the investigation of the 
0_F free radical when using the perpendicular arrangement. In those ex-
periments the sample inlet port was positioned such that a maximum O F 
ion current was obtained. Moving the inlet port away from the electron 
beam approximately 6 mm from that optimum position resulted in a decrease 
in the O F ion current of more than an order of magnitude. 
Table 9 indicates that the sensitivity for the perpendicular 
arrangement with c, 3 0 is approximately a factor of 4 greater than that 
for the coaxial arrangement with c, - 3 mm which is a necessary displace-
ment for most investigations. However, this was not considered particu-
larly significant in view of the approximations made in the calculations. 
The major deductions from these results were; (l) that the coaxial arange-
ment does not offer any noticeable advantage over the perpendicular 
arrangement as far as sensitivity is concerned, and (2) the investigation 
of species that are destroyed in a single collision should be performed 
with the sample inlet port extremely close to the electron beamswithin 
less than 3 mm if possible. In view of deduction (l), and the mechanical 
conveniences discussed earlier, it was concluded that the perpendicular 
arrangement was definitely preferable over the coaxial arrangement. 
The calculations in this appendix have been for the case where a 
species is assumed destroyed after a single collision with any surround-
ing surface. However, it seemed that the sensitivity for a stable species 
would also decrease appreciably as the distance of the inlet port from 
the electron beam was increased, despite the fact that there would be 
• • • & - : • • * ' -
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an appreciable background due to that stable species. Therefore, a 
sample of C0,_ was condensed in the cryogenic inlet system, the tem-
perature adjusted so that an appreciable and stable CO,- ion current 
was obtained, and the variation of this current with distance of the 
inlet port from the electron beam was studied. Fig. 25 illustrates 
the variation that was obtained. It can be seen that the intensity 
decreases by a factor of about 13 when the Inlet port is moved from its 
optimum position^where the electron beam is in grazing incidence, to a 
distance about 2.5 cm away from the near edge of the electron beam. 
This is an order of magnitude less than the factor of about 150 indi-
cated from Table 9 for an unstable species, but the decrease still 
represents a considerable loss of sensitivity. 
The above calculations are for the case where the inlet port is a 
thin edge orifice which corresponds to the optimum design for a circular 
channel. However, a greater sensitivity could certainly be obtained by 
using several thin edge orifice inlet holes alined with the electron beam. 
The approximate sensitivity permitted with this arrangement could be 
readily calculated using the same approach described above and assuming 
that the contribution from the several inlet ports would be additive. A 
still better arrangement than several alined orifices would be a thin edge 
slit which would take advantage of the entire effective length (0.64 cm) 
of the electron beam. This would be particularly advantageous for the 
perpendicular arrangement. 
It should be noted that if it is not necessary to maintain a mini-
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Variation of Sensitivity with Relative Configuration of Elec-
tron Beam and Inlet Port for the Perpendicular Arrangement 
Using CO as a Test Gas. 
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greater sensitivity can be obtained by using a long inlet channel rather 
than a thin edge orifice. The limiting variable in this case would be the 
total sample influx that can be handled by the mass spectrometer pumping 
system. From Fig. 23, it is obvious that a more directed flow is obtained 
with a channel and would result in more molecules in the region of the 
electron beam for the same total mass flow rate through the inlet port. 
Calculation of the sensitvity for this case would involve integra-
tion over the effective collision covolume where the factor J is included 
and is given by Equation (2) or (3). The integral involved is a very com-
plicated function of L/r and 0 and would be very difficult to compute. 
A qualitative indication of the sensitivity permitted with various 
channels can be obtained without integrating over the collision covolume. 
That is, the fraction of molecules, n, entering an inlet channel of finite 
length which finally emerge within an angle G with respect to the axis of 
the channel can be computed from the following integral 
Pe 
n = J sin 2 0 d 6 (19) 
J0 
where J is the deviation factor discussed above. 
The value of n has recently been computed numerically and tabulated 
fifi 
by Miller for numerous values of the parameters L/r and 0. Using the 
results of Miller, the fraction of molecules that actually effuse from 
the inlet port within an angle G with respect to the channel axis was cal-
culated and is summarized in Table 10. The first row (i.e., for L/r = 0) 
is for the case of an infinitely thin edge orifice for which J =1. It 
is quite obvious from Table 10 that the flow of sample becomes increasingly 
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Table 10. Fraction of Molecules Effusing From a Cylindrical 
Channel Within an Angle 0 With Respect to the Axis of 
the Channel. 
L/r 20° 30° 40° 50° 60° 70° 80° 
0 0.1170 0.2500 0.4132 0.5868 0.7500 0.8830 0.9699 
.1 0.1219 0.2594 0.4269 0.6034 0.7670 0.8971 0.9774 
.2 0.1267 0.2686 0.4401 0.6188 0.7820 0.9084 0.9817 
.5 0.1405 0.2940 0.4749 0.6573 0.8154 0.9272 0.9835 
1.0 0.1610 0.3294 0.5185 0.6974 0.8383 0.9311 0.9838 
1.2 0.1682 0.3411 0.5313 0.7059 0.8400 0.9315 0.9839 
1.5 0.1784 0.3563 0.5461 0.7133 0.8415 0.9321 0.9840 
2.0 0.1933 0.3763 0.5609 0.7179 0.8438 0.9332 0.9843 
3.0 0.2167 0.3996 0.5721 0.7241 0.8471 0.9346 0.9848 
4.00 0.2329 0.4100 0.5787 0.7283 0.8493 0.9352 0.9848 
6.00 0.2509 0.4225 0.5871 0.7334 0.8519 0.9364 0.9850 
10.0 0.2663 0.4341 0.5949 0.7385 0.8542 0.9373 0.9850 
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more directed in the forward direction for larger values of the length 
to radius ratio, L/r. For instance, the fraction of molecules emitting 
within an angle G - 20° is more than twice as great for a channel with 
L/r - 10 than for an infinitely thin orifice. These results indicate 
that a long exit channel would be quite desirable for experiments in 
which it is permissible for the cold sample to be maintained at pressures 
of several torr. 
Temperature Gradient in the Extension Piece 
of the Cryogenic Reactor-Inlet System 
The blade-shaped extension piece (16) of the cryogenic inlet assem-
bly shown in Fig. 2 was designed to permit its insertion between the grids 
of the ion source and hence directly into the ionizing electron beam. The 
major design parameters of the extension piece were dictated by; (l) the 
distance it had to extend into the ion source for the electron beam to be 
in grazing incidence with the sample inlet port, and (2) the space avail-
able between the ion grids. It was constructed of high thermal conduc-
tivity copper with as large a cross section as possible to minimize any 
thermal gradient in the axial direction, 1, resulting from radiative heat 
transfer from the surroundings or from heat generated by decomposition 
of unstable species in the exit channel. The outer surface of the ex-
tension piece was nickel plated to reduce its emissivity which in turn 
reduced the rate of heat input by radiative transfer. The following dis-
cussion gives the basic equations and calculations for the thermal gra-
dient in the extension piece in the axial direction assuming the worst 
possible case, i.e., that all the heat gained by the extension piece is 
transferred through its outermost end, resulting in the largest possible 
temperature rise. 
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It is assumed that the only thermal gradient In the extension 
piece is in the axial direction, 1, and that it is rectangular shaped of 
width, X; height, Y; and length, L. Actually, it is slightly tapered, but 
not enough to significantly affect the following calculations. It has a 
0.238 cm diameter sample exit channel drilled through essentially its 
full length. 
Assuming that all heat gained by the extension piece is trans-
ferred through the end, a steady state energy balance and Fourier's law 
yields 
% - Qt/kcA (20) 
Integrating Equation (20) over the length of the extension piece, with 
k taken as a constant, 
c ' 
T - T = AT = Q.L/k A (21) 
L 0 L t C 
Equation (21) gives the total temperature drop in the extension 
piece in the axial direction. Q, is the total heat gained per unit time, 
2 
k is the thermal conductivity, and A = 0.753 cm is the net heat trans-
c J' 
fer area for conduction in the axial direction. 
The total heat Q, added to the extension piece is the sum of the 
heat gained by radiation from the surroundings, Q , and heat gained by 
decomposition of unstable chemical species in the exit channel, Q . The 
negligible heat gained due to bombardment by the electron beam was calcu-
lated to be 2.09(10) cal/sec for an electron energy of 70 ev and elec-
tron current of 0.125 microamp. The rate of heat transfer to the extension 
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piece by radiation, Q , is given by 
Qr = «, e As(T2
4-Ts
4) (22) 
Since T is approximately 300°K and 77°K < T < 150°K, Q is approximated 
quite accurately by 
Q =<je A T 4 (23) 
r s 2. 
Using the values X = 0.4 cm, Y = 1.9 cm, L == 2.7 cm, and T = 300°K, 
Equation (23) gives Q = 0.138e cal/sec where e is the emissivity of the 
outer surface of the extension piece. 
For the case where O F was the labile species being investigated, 
it could be assumed that all the sample was being decomposed into 0 and 
F^ in the exit channel. At 110°K, 
0 F 2 - | 0 2 + F 2 + 6.24 Kcal/mole (2k) 
o 
Assuming that the exit port is a thin edge orifice (0.00515 cm cross-
section) and the inlet system is at 110°K (OJF^ has vapor pressure of 
about 1.0 torr at 110°K), the maximum flow rate of O F through the exit 
channel can be calculated to be 3.08(10)" mole/sec. Hence, Q = 0.0192 
cal/sec if all the O F . decomposes in the channel according to Equation 
(24). 
The average value of k is 1.1.8 cal/sec-cm-°K over the temperature 
range of 77°-150°K„ Using this value and Q = Q + Q = 0.138 + 0.019 = 
0.257 cal/sec where the emissivity, e, is taken as 1.0, Equation (21) 
gives A T = 0.78°K. This would correspond to the maximum temperature 
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rise that one would expect from the inner coolant chamber (17) to the 
tip of the extension piece. A more realistic value of approximately 
0.1°K is obtained by assuming that e = 0.1 which would be expected for a 
polised nickel surface. In any case, the maximum temperature rise of less 
than 1°K was considered satisfactory for this work. The real temper-
ature rise in the extension piece was actually measured while it was in 
analytical position as shown in Fig. 4 and was less than 2°K while the 
inner chamber (17) was at 77°K. Apparantly the heat transfer by con-
duction from the extension pieces was decreased somewhat by the solder 
connection to the inner chamber (17). However, this temperature rise 




MISCELLANEOUS MASS SPECTROMETRY DATA 
In this appendix are presented mass spectrometric results for OF 
reported by Dibeler, et al.; ionization efficiency data on OF obtained 
in this thesis research; and positive and negative ion spectra obtained 
in this work for several of the most troublesome impurities observed in 
the oxygen fluoride experiments. Table 11 gives the relative abundance 
and appearance potentials of the positive and negative ions in the mass 
spectrum of oxygen difluoride reported by Dibeler, et al. These data 
were obtained using a magnetic deflection mass spectrometer and the 
cracking pattern given is quite different from that obtained in this work 
using the time-of-flight machine. 
Figs. 26 and 27 show the ionization efficiency data for OF and 
OF/*" from OF that were obtained in this work. These data permit-
ted a rough determination of the appearance potentials of OF and OF 
from OF from the linear intercept method. The values were determined 
to be A(OF ) = 15.7 ± 0.3 ev and A(0F ) = 13.6 ± 0.3 ev, which agree 
quite well with the values of Dibeler, et al.. given in Table 11. 
Tables 12-19 give the positive and negative ion spectra for OF , 
CF , C-F,, and SiF obtained using the Bendix time-of-flight mass spec-
trometer. The intensities given for the negative ions were estimated 
from their observed intensities on the oscilloscope since the Bendix 
machine is not equipped to record negative ion currents. In addition, 
the energetics listed are estimated by observing the oscilloscope and 
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varying the electron energy. These energy values are hence only rough 
estimates in that the energy scale could not be calibrated. 
Table 11. Relative Abundances and Appearance Potentials 
of Positive and Negative Ions in the Mass 
Spectrum of Oxygen Difluoride* 
Relative Appearance 
Abundance Potential 
Ion % ev Remarks 
0F 2
+ 100 13.7 ± 0.2 I(0F ) = 13.7 ± 0.2 ev 
+ 
OF 91 15.8 ± 0.2 Negligible excess kinetic 
energy, KE. 
I(OF) = 13.0 ± 0.2 ev 
+ 
0 4.3 — Indeterminate threshold 
+ 
F 0.5 — Immeasurably small 
F" 63 1.2 ± 0.2 KE(.F") = 1.3 ev 
KE(F"+ OF) = 2.0 ev 
D(FO-F) = 2.8 ev 
D(O-F) = 1.1 ev 
_ 
Data taken from Dibeler, et al. 
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Figure 2J. Ionization Efficiency Data for OF from OF With Argon as 
the Standard. 







Electron Energy = 70 volts 
p = parent 






Table 13. Negative Ions of OF (Uncalibrated Energetics) 
Electron Energy 
for Maximum 
Mass Species Intensity" Potentials, ev" Ion Current, ev 
Relative Appearance , 
19 F 100 0.6 5.7 
35 OF 80 1.9 17.0 
38 F 40 2.2 17.0 
54 0Fn < 1 ~ 1 7 c 
Estimated visually from qscilloscope at electron energy yielding the 
maximum ion current. 
u 
Energy at which ion current is first observed on oscilloscope. 
Q 
Signal was very weak and was observed only when an extremely large sam-
ple was injected into the spectrometer. 
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Table 14. Positive Ions of CF 
4 
Mass Species Relative Intensity 
12 C 2.7 
19 F 3.5 
25 CF2,d 
Electron Energy = 70 volts 
d = doubly charged ion 
i = isotope 
0.5 
31 CF 6.5 
34.5 CF0, d 0.2 
50 CF2 9.1 
51 CF2, i 0.2 
69 CF 100.0 
o 
70 CF3, i 1.1 
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Table 15. Negative Ions of CF (Uncalibrated Energetics) 
Electron Energy-
Relative Appearance, for Maximum 
Mass Species Intensity Potential, ev Ion Current, ev 
19 F 100 1.1 5.7 - 6.0 
38 F2 1 4.7 5.7 - 6.0 
69 CF_ 65 2.1 5.7 - 6.0 
a 
Estimated visually from oscilloscope at electron energy yielding the 
maximum ion currents. 
Energy at which ion current is first observed on oscilloscope. 
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Table 16. Positive Ions of CF 
2. o 
Mass Species Relative Intensity 
1 ; ' ' ' ' ' ... 
12 C 1.0 
19 F 0.03 
31 CF 6.8 
50 CF 5.1 
51 CF2,i 0.1 
69 CF^ 100.0 
70 CF ,i 0.8 
100 CF 0.3 
119 C0FC 37.3 
2. D 
Electron Energy = 70 volts 
i = isotope 
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Table 17. Negative Ions of C F (Uncalibrated Energetics) 
Electron Energy 
for Maximum 
Mass Species Intensity" Potential,ev~ Ion Current,ev 
r> , .. Appearance 
Relative yy , 
a „ , , .  b 
19 F 100 1.6 5.1 - 5.6 
69 CF^ 8 2.3 6.0 
g 
Estimated visually from oscilloscope at electron energy yielding the maxi-
mum ion currents. 
u. 
Energy at which ion current is first observed on oscilloscope. 
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Table 18. Positive Ions of SiF 
" i ' *' * 
Mass Species Relative Intensity 
19 F 4 .2 
27 S i , i 0 .2 
28 Si 
29 S i , i 0.6 
47 SiF 9 .0 
48 SiF,i 0.6 
49 SiF, i 0 .4 
66 SiF2 1.6 
83 0.6 
85 S i F 3 
100.0 
86 SiF 3 , i 1.5 
104 S iVP 2.7 
105 S i F o i 1.1 
Electron Energy = 70 volts 
i = isotope 
p = parent 
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Mass Species Intensi ty Ion Current, ev 
... —T... 
19 
F 75 7. .5 9.6 - 10.0 
38 F2 2 8, 
.3 9.6 - 10.0 
85 SiF3 100 7. .5 9.6 - 10.0 
Estimated visual iy from oscilloscope at electron energy • yielding maxi-
mum ion currents 
Energy at which ion current is first observed on osc ill oscope. 
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APPENDIX D 
TYPICAL RAW DATA FOR THE OXYGEN FLUORIDE EXPERIMENTS 
This appendix presents some typical raw data obtained in a few 
of the oxygen fluoride synthesis experiments. Figs. 28 and 29 show 
typical traces made at several temperatures during the warmup after an 
O F synthesis experiment. These traces represent the mass spectrum 
from m/e = 16 to 90 that were obtained at the points of most interest 
during the warmup as indicated by Figs. 10 and 11 in Chapter III. All 
of them are made with an electrometer index setting of 40 except Fig. 28B 
for which this index was at 500„ This permitted a comparison of the very 
large 0 current with the other ion currents. The traces were made 
out to masses beyond m/e = 150, but only very small peaks due to impuri-
ties were observed beyond about m/e = 90. Traces were also made at elec-
trometer settings as low as 0.1 in order to detect extremely small ion 
currents. 
Table 20 gives the positive ions observed in the oxygen fluoride 
experiments, as well as the parent species of each. The relative amounts 
of each species varied considerably in different experiments, but most of 
them were observed in all of the experiments. 
Tables 21, 22^ and 23 give the actual ion currents (all have the 
same arbitrary units based on an electrometer index setting of 0ol) ob-
tained at various temperatures in three of the O F synthesis experiments. 
The intensities given are of a summary nature in that they represent an 
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average obtained from several traces made at that temperature. These 
traces were made after the ion currents had essentially stabilized at 
each temperature. In the cases where the mass spectrum is given twice 
at the same temperature, the inlet system was maintained for a relatively 
long time (20-45 minutes) at that temperature, and the two traces repre-
sent the change of the spectrum during that period. 
In some cases very large peaks overlapped smaller adjacent peaks 
as indicated by the letter, b. For the case where a trace was not made 
at an electrometer index setting high enough to reduce the intensity of 
a given ion current until it was on scale, the ion current is designated 
by the letter, a. A dash indicates that the mass spectrum was recorded 
beyond that m/e, but no recordable ion current was obtained for the low-
est electrometer index setting used which was usually 1.0. A blank space 
in the tables indicates that th£ mass spectrum was not recorded out to 
that mass. 
Table 21 represents one of the initial O F experiments illustrated 
by Fig. 12 in which the exit channel of the inlet system was 3.0 inches 
long and 0.020 in. inside diameter and the reactor space was not pumped 
during warmup. In this run the O F synthesis was run for about one hour, 
using the in situ single electrode technique. The total warmup time was 
about 12 hours. Traces were made up to about 160°K, but no new species 
were detected above 140°K. From these data it can be seen that a species 
had to exert a vapor pressure of about 0o05-0.5 torr before it could be 
detected. These data may be compared with that of Table 22 which again 
gives the raw data obtained in a typical 0 F experiment using the in situ 
synthesis technique. The total synthesis time was about 2.5 hours which 
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accounts partially for the relatively large ion currents obtained. The 
inlet system was not glass lined in this experiment, but the reactor 
space was pumped continuously during warmup. The total warmup time was 
about 10 hours. It can be seen that the species were detected in this 
-4 -5 
experiment when they exerted a vapor pressure of only about 10 -10 
torr which is significantly lower than in the earlier experiments. 
There are two reasons for this; (a) the exit port was; a thin edge 
orifice (0.089 cm dia.), and (b) the gain of the multiplier of the 
mass spectrometer was increased by about an order of magnitude over that 
of the earlier experiments. 
Table 23 gives the data obtained in an 0JF experiment performed 
in essentially the same manner as that used for the run given by Table 22, 
except that the entire reactor space, transfer line, and exit channel of 
the inlet system was glassed lined. The synthesis ran for about 45 min-
utes, and the total warmup time was approximately 10 hours. The sample 
was pumped for about three hours at 77°K before any warming, and the change 
in the spectrum during that time is indicated by the two traces presented 
at that temperature. 
In order to determine the actual sensitivity of the inlet system 
after the original extension piece (16), which had an exit channel with 
an L/r of about 300, was replaced by one that had a thin edge orifice 
exit port, a sample of CO was condensed in the reactor space and the 
CO ion current was determined as a function of temperature. C0^ was 
chosen as a test species since its vapor pressure has been calculated 
79 -25 
extremely accurately by Mullins, Kirk, and Ziegler down to 10 torr. 
Fig. 30 shows a plot of the CO,- current as a function of the vapor 
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Figure 28. Positive Ion Spectrum at Three Temperatures During Warmup of 
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Figure 29 • Positive Ion Spectrum at Two Temperatures During Warmup of 
Reaction Products of an O F Synthesis. 
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pressure of CO . It shows that the CO could be detected down to a vapor 
pressure of approximately 10 torr. However, it should be pointed out 
that the ion current was measured by placing the spectrometer gate on the 
CO peak with a maximum gate width. This obviously results in a much 
larger ion current than that obtained by scanning the spectrum, since 
it is necessary to use a narrower gate width for scanning in order to 
obtain well resolved peaks. This accounts for the fact that species 
-4 -5 
had to exert vapor pressures of about 10 -10 torr in the oxygen fluor 
ride experiments before they were detected. The maximum in the CO 
-2 
current where CO has a vapor pressure of about 4x10 torr was expected 
since most of the species observed in the oxygen fluoride experiments 
gave maxima where their vapor pressures were about 0.1-1.0 torr. 
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Table 20. Positive Ions Observed in the Low Temperature 
Oxygen Fluorides Experiments (Continued) 
Predomi nant Species Other Species 
m/e 
Identified Identified 
Ions Parent Species Ions Parent Species 
12 c+ CF„, n F,,C0Fo CCL 
4' 2 6' 2 2 
14 N+ N2> N2F2 
16 0+ 02F2, 02, 03, OF2 
17 0H+ H20 
18 H20
+ H20 
19 F+ 02F2,F2,CF4,C2F6,SiF4 
20 HF+ HF 
25 CF2





29 Si , i SiF4 
31 CF+ C F4' C2F6 
32 0 + O^F^, 0„. 0„ S+ Ĥ S.SF,,SÔ F̂  
2 2 2' 2' 3 2 ' 6' 2 2 
33 HS+ H2S NF+ NF3, N2F2 
,, „+ 
34 H0S H„S 2 2 ^ ++ 
34.5 CF„ CF,, CLF, 
OF+ 
3 4' 2 6 
35 02F2, OF2 
38 
^ F2 
44 < CCL No0
+ NO 
2 2 2 2 
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Table 20. Positive Ions Observed in the Low Temperature 
Oxygen Fluorides Experiments. (Continued) 
. Predominant Species Other Species  
Identified Identified 
m/e Ions Parent Species Ions Parent Species 
47 COF+, SiF+ COF2, SiF4 ^F
+ N ^ , N ^ 
































+ SiF4, N2F2 
67 SOF+ SO F 
2 2 
CF3 , i CF4> C2F6 




M F + 
2 3 N2F4 
SiF3
+, i SiF4 
2 4 C2F6 
S02F2
+ S02F2 
!04 sip/> N„F.+ siF„> NoF„ 
4 » 2 4 4' 2 4 
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Table 20. Positive Ions Observed in the Low Temperature 
Oxygen Fluorides Experiments (Concluded) 
Predominant Species Other Species  
Identified Identified 
m/e Ions Parent Species Ions Parent Species 
108 SF * SF 
119 CJv + C„F 







Table 21. Raw Data for a Typical O F Synthesis Experiment; 
Reactor Space Not Pumped During IVarmup 
Temperature °K 
IC 77 77 77 77 77 80 88 88 94 94 
m/e OC 77 85 90 94 88 88 88 95 96 101 
Relative Ion Currents 
12 25 30 60 50 52 a 1100 575 75 76 
14 88 100 100 85 96 110 120 180 120 124 
16 160 550 2900 2500 2000 a 510 a a a 
17 12 13 10 15 16 14 20 30 10 40 




55 170 320 270 140 a 1400 920 110 92 
12 25 20 32 46 90 450 320 40 36 
28 1100 1120 1000 1100 1200 a 1600 1720 1100 1200 
29 10 12 20 7 8 18 19 20 20 22 
31 42 60 100 115 128 a 2200 1320 150 158 
32 960 3300 18000 16000 11000 a 3500 a a a 
33 10 75 b b 68 70 75 95 b b 
34 - 30 100 180 64 66 70 85 180 220 
34.5 - 10 20 40 20 58 100 170 - -
35 112 230 400 415 430 a 100 920 105 112 
38 40 490 750 650 52 60 80 160 20 20 
44 6 10 5 5 3 12 40 20 10 16 
47 - - - - - - - - 70 84 
48 - - - - - - - - 25 24 
50 62 115 200 220 280 a 4000 2160 250 255 
51 - - - 4 6 12 a a - -
52 6 - 12 12 16 42 60 80 20 20 




- - - - - - - - 170 192 
1100 2000 3000 2900 a a a a a a 
70 20 30 50 52 52 b b b 100 96 






- - - - - - - - 120 112 
- - - - - - - - - -
— _ _ _ I _ z Z Z — 
(Continued) 
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Table 21. Raw Data for a Typical 0oF Synthesis Experiment* 
Reactor Space 'Jot Pumped During Varmup (Continued) 
Temperature °K 
IC 96 101 106 106 106 106 110 110 116 116 
m/e 0C107 107 107 110 115 115 115 118 118 122 
Relative Ion Currents 
12 122 90 60 34 60 45 50 60 30 49 
14 98 60 52 44 44 40 32 35 40 38 
16 a 11500 a a a 15800 13000 10000 5000 a 
17 40 15 20 14 18 20 13 15 12 10 
18 82 55 48 54 75 60 40 50 30 25 
19 a 140 80 80 110 150 120 120 90 90 
20 - - - - - - 15 40 60 38 
25 104 32 38 20 20 19 20 20 20 18 
28 a 670 550 525 550 500 480 400 485 480 
29 20 20 9 10 8 9 9 8 6 8 
31 250 205 170 70 240 280 200 200 110 120 
32 a 72000 a a a 105000 85000 63000 32000 a 
33 b b b b b b b b b b 
34 b b b b 780 b b b 215 200 
34.5 b b b b 390 b b b 32 50 
35 a 160 80 a 240 220 145 140 60 85 
38 78 30 - 80 60 20 32 35 20 30 
44 16 20 80 82 60 45 60 90 55 60 
47 a 270 190 a 380 380 300 340 150 200 
48 92 95 80 a 260 410 470 800 360 550 
50 a 235 200 180 170 200 190 200 140 130 
51 - - 15 15 40 80 10C 100 70 80 
52 92 30 10 15 20 18 12 11 10 12 
54 96 50 28 32 44 40 22 40 28 40 
66 a 460 330 a 770 700 500 480 180 230 
67 - - 3 14 14 18 16 15 - -
69 a 2550 a a a 2500 2400 2500 1150 a 
70 b 76 60 54 80 80 65 70 40 48 
71 b 30 - 18 - 20 - - 8 15 
85 a 256 220 a 480 400 250 300 85 130 
86 - 8 5 14 16 16 e - - -
108 - - - - - 4 6 9 8 10 
119 - 20 90 a 240 290 200 230 90 a 
127 - - 5 a - 40 40 60 40 a 
(Continued) 
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Table 21. Raw Data for a Typical CL^o Synthesis Experiment; 
Reactor Space Not Pumped During IVarmup (Concluded5) 
Temperature °K 
IC116 120 120 123 125 131 131 134 134 140 
m/e 0C125 125 125 129 129 132 134 134 140 140 
Relative Ion Currents 
12 55 50 18 32 38 50 40 25 74 90 
14 38 30 40 34 38 30 32 20 22 20 
16 a a 280 240 a 240 a 3600 3000 3000 
17 13 12 9 12 10 9 10 6 10 11 
18 30 24 18 16 20 18 16 14 16 20 
19 120 132 0 480 600 1110 1280 2500 1850 1900 
20 30 68 40 42 55 40 40 20 35 55 
25 11 14 . 1 5 5 10 8 4 3 14 
28 440 500 460 550 525 480 440 320 350 430 
29 10 7 5 10 6 9 6 8 7 20 
31 190 140 20 60 60 85 72 50 100 115 
32 a a 1800 1400 a 1400 a 26000 24000 21000 
33 b 36 10 70 70 75 100 b b b 
34 280 196 9 80 80 95 108 75 110 110 
34.5 50 38 - - 15 15 18 12 - -
35 100 90 10 55 75 105 152 100 160 220 
38 50 108 40 120 - 24 a 7200 5200 5000 
44 80 144 125 450 310 370 440 200 500 800 
47 280 208 150 470 370 520 320 220 600 860 
48 600 112 20 60 47 50 45 25 60 80 
50 132 116 14 40 55 68 60 40 75 80 
51 115 124 65 430 390 740 1200 720 940 2160 
52 15 16 3 10 20 20 26. 20 - 40 
54 45 32 3 15 18 10 - - - -
66 300 176 80 170 200 285 200 140 350 400 
67 8 6 2 4 6 7 5 5 - -
69 a a 105 380 800 880 680 400 775 770 
70 40 40 4 15 15 20 14 8 - 30 




150 90 11 30 50 73 45 45 75 70 
10 8 _ _ _ _ _ _ _ _ 
119 120 88 - 15 20 20 - - 20 -
127 85 60 - 3 7 5 — — - — 
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Table 22o Raw Data for a Typical In Situ O F . 
Synthesis Experiment with Metal Walls:; 
Reactor Space Pumped During Warmup 
(Continued) 
Temperature °K 
IC 77 77 77 79 85 88 90 90 




77 83 92 92 92 94 
s 
16 5000 14000 4000 8000 28000 16000 21000 16000 
17 800 750 450 270 600 240 340 300 
18 3000 2500 1500 700 1900 350 1100 900 
19 800 3900 450 1100 6400 1000 1000 950 
20 110 130 30 30 40 20 30 24 
25 20 50 -,- -_ 20 >» 5 5 
27 __ 20 -~ -- = _ «. 5 5 
28 900 480 500 200 270 340 430 340 
29 20 20 10 «,= 20 10 15 15 
31 130 130 20 __ b 110 80 100 
32 35000 96000 29000 64000 184000 116000 156000 174000 
33 b b b b b b b b 
34 200 900 140 200 2400 600 900 1000 
35 1400 4000 550 1400 6000 1300 1400 1400 
38 2400 6000 1500 2800 8000 3000 4300 4200 
44 100 120 „ _ 30 50 100 80 88 
47 35 40 20 25 100 160 130 115 
48 240 480 180 380 1300 2600 4200 5400 
50 180 170 20 30 150 70 95 95 
51 „_. _- _«, .- -« _« __ 20 
52 55 100 20 20 100 20 20 16 
54 900 2200 280 700 3800 800 900 900 
66 80 120 35 65 170 400 370 350 
67 __ -=. «.„ »=. __ 10 12 8 
69 1800 1500 180 400 1400 1100 1000 950 
70 40 60 =,= „ „ 40 20 30 30 
71 40 40 „ „ 10 35 10 15 12 
83 25 «,_ «_ -_ __ ..=. »_ --




-- ~ ~ --
10 




-- -- • — • — -- ... -- — 
119 _- -.. ~=, ~ „ _- 50 90 90 
127 -- «=- __ _=. -- .,- 20 16 
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Table 220 Raw Data for a Typical In S i t u O F 
Syn thes i s Experiment with Metal Wall55 Reactor 
Space Pumped During Warmup (Continued) 
Temperature °K 
IC > 92 92 96 103 106 110 114 114 
m/e OC 97 97 104 108 112 116 118 118 
Re l a t i ve Ion Cur ren t s 
16 14000 22000 23000 12000 13000 18000 19000 10000 
17 280 260 330 185 200 180 140 120 
18 700 800 700 450 600 440 280 260 
19 900 1500 1400 1800 3800 4700 5000 4800 
20 25 30 80 100 95 150 160 100 
25 10 12 20 35 50 40 20 15 
27 10 =,„ 15 17 10 15 10 --
28 350 370 440 480 640 1000 980 680 
29 20 10 35 35 30 35 40 20 
31 180 115 350 370 440 500 350 220 
32 168000 220000 240000 110000 120000 135000 135000 92000 
33 b b b b b b b b 
34 1100 1400 1000 700 800 1000 840 620 
35 1300 1400 1200 2200 7400 1C400 11000 9000 
38 3800 5400 5200 6400 13000 18000 19000 18000 
44 170 120 310 650 1700 3600 7300 5600 
47 160 135 310 1200 2200 2400 1200 900 
48 6400 6400 10000 3000 3000 2400 1800 1050 
50 160 120 350 320 400 340 240 160 
51 60 70 330 500 465 920 1600 1300 
52 25 15 40 35 50 40 60 35 
54 800 1100 750 1600 4600 6800 6400 5800 
66 320 365 600 1400 2200 2600 1100 940 
67 15 10 15 30 60 80 70 30 
69 1200 1600 2800 3800 5600 3200 2600 2000 
70 40 35 100 105 160 100 80 40 
71 20 20 25 30 25 30 20 15 
83 _- »«. ..~ 20 20 80 110 40 
85 170 180 400 500 740 460 320 380 
86 10 -- 10 15 20 15 10 --
89 10 25 65 55 40 35 20 10 
100 „ . .. -- 20 30 20 15 10 
102 _- -_ „ - _ „ _ 40 40 20 
104 _- -_ -- -- 10 20 18 5 
108 5 5 30 25 10 15 5 ~ 
119 250 200 500 210 240 200 150 100 
127 50 70 300 190 150 130 50 25 
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Table 22Q Raw Data for a Typical In S i t u O F 
Syn thes i s Experiment with Metal Wallsi Reactor 
Space Pumped During Warmup (Concluded) 
Temperature °K 
IC 119 121 121 106 122 130 130 135 
m/e OC 122 125 125 108 117 126 126 132 
Re la t ive Ion Cur ren t s 
16 13000 13000 12000 1200 3400 8000 6000 8000 
17 120 140 110 25 30 _«, _- -=, 
18 210 180 135 QS 75 70 40 40 
19 6(X)0 6600 7000 800 2300 4000 3800 4000 
20 200 240 240 11 75 290 170 220 
25 20 20 15 __ _- 10 5 10 
27 5 10 5 - = _ = • « , . , _ „ --
28 700 800 600 50 90 200 160 200 
29 40 50 30 __ 5 30 10 10 
31 320 360 250 20 40 200 110 180 
32 116000 120000 96000 10000 32000 72000 52000 58000 
33 b b b 50 170 b b b 
34 800 900 800 50 175 600 400 600 
35 9000 8800 7000 800 2000 3300 2600 2500 
38 20000 20000 20000 3100 8800 8800 9600 6000 
44 5000 6000 4000 60 550 1200 800 1700 
47 1800 2000 1200 70 160 400 350 340 
48 2100 1900 1000 65 190 400 400 360 
50 230 225 140 11 25 140 60 35 
51 3200 5400 5800 33 1200 10000 7000 8000 
52 b b b 5 10 b _<=, «.=, 
54 6400 5200 4000 600 1200 1600 1100 840 
66 1300 1400 800 160 160 350 200 160 
67 50 60 40 ~=, 5 30 30 25 
69 2200 2000 1200 320 310 300 600 360 
70 60 70 40 10 10 30 30 25 
71 20 25 15 =,_ «.« 10 „ _ .» 
83 60 90 75 __ 10 210 250 300 
85 300 230 160 60 60 100 75 60 
86 = _ „ _ _- .=,=., _ . =. «. „ _ _,_ 
89 10 10 5 =,=, <=.. — a. _ _ «._ 
100 15 20 10 =,», <.<_ 5 5 5 
102 22 10 5 = _ » = 20 25 30 
104 10 20 10 «» -«, _«, __ __ 
108 _ = - „ __ =,=. — «, «=«, __ ««=, 
119 115 135 60 10 15 25 25 20 
127 25 25 10 2 = = -,= -=. -=. 
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Table 23c Raw Data for a Typical In Situ O F 
Synthesis Experiment with Glass Lined 
WallSo Reactor Space Pumped During Warmup0 
(Continued) 
Temperature °K 
IC 77 77 77 81 83 87 88 91 
m/e OC 77 77 79 88 95 91 91 96 
Relative Ion Currents 
12 15 -- 20 70 60 30 10 10 
14 12 „ _ 20 20 25 10 10 5 
16 500 270 1100 4900 3800 3200 3000 5000 
17 110 80 „.= 120 120 110 55 80 
18 480 350 210 370 370 240 300 210 
19 100 55 180 390 270 290 250 220 
20 40 30 20 40 20 30 20 20 
25 17 =,_ 5 35 10 10 10 5 
28 160 110 100 80 120 80 80 70 
29 10 __ _=, 5 5 15 __ 10 
31 10 20 40 130 110 .»_ 70 30 
32 2500 1200 4900 25000 16000 15000 14000 24000 
33 20 20 b b b b 120 150 
34 17 15 40 _~ 130 80 80 170 
35 180 50 160 410 280 180 170 360 
38 300 100 330 800 600 400 450 550 
44 -_ .- „ ~ 10 5 30 10 40 
47 „ _ 5 __ 25 20 10 20 25 
48 5 ._ 10 10 90 150 270 800 
50 30 10 30 170 120 45 45 40 
51 __ „ = = =, =.« 10 10 5 30 
52 .- __ 5 20 15 5 __ __ 




-- -- 10 5 30 30 30 30 
260 160 480 2100 1100 500 400 350 
















10 20 50 10 30 
__ --
15 15 10 5 5 25 
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Table 23o Raw Data for a Typical In Situ OF,, Synthesis 
Experiment with Glass Lined Walls0 Reactor 
Space Pumped During Warmup (Continued) 
Temperature °K 
IC 95 95 95 98 98 102 102 106 106 
m/e OC 98 101 101 104 104 112 112 110 110 
Relative Ion Currents 
12 10 10 10 15 35 30 30 70 15 
14 5 5 10 5 20 20 10 5 10 
16 5500 8000 5000 8000 12000 8000 5500 2600 2000 
17 70 80 70 80 130 120 60 60 25 
18 220 180 170 180 220 210 160 160 100 
19 260 280 250 320 600 900 950 500 550 
20 20 15 40 40 55 120 70 70 25 
25 5 10 5 .»„ ._ 5 10 5 --
28 80 80 75 80 140 160 165 220 60 
29 15 10 5 5 25 30 5 10 -_ 
31 30 50 35 50 100 100 90 130 30 
32 29000 44000 25000 38000 48000 40000 22000 22000 9000 
33 b b 170 260 b b 150 b 50 
34 180 250 190 250 430 360 145 150 60 
35 350 460 330 340 600 500 480 480 210 
38 550 455 380 520 900 950 2200 1000 1400 
44 50 35 45 70 140 280 180 520 150 
47 45 50 50 60 110 100 290 300 80 
48 1500 2400 1300 1700 2300 1600 700 350 140 




45 40 55 140 250 600 170 240 60 
280 200 155 160 350 240 270 240 120 
66 80 60 40 60 100 110 170 370 60 
67 -- -_ __ -- „ - 5 _ „ 5 __ 
69 300 430 200 300 550 600 500 300 150 
70 10 20 10 10 15 25 20 15 __ 
71 5 5 _~ __ 10 __ -- -_ -_ 
83 _- -_ -_ = „ ._ 5 10 10 __ 
85 
86 
50 50 40 60 65 60 60 65 20 
87 







__ -- -- -- -- -- -- 5 --
— -- __ -- -- -- — -- --
20 40 15 40 80 90 40 20 5 
127 15 20 10 30 30 35 10 5 --
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Table 23c Raw Data for a Typical In Situ O F Synthesis 
Experiment with Glass Lined Walls0 Reactor 
Space Pumped During Warmup (Concluded) 
Temperature °K 
IC 110 113 116 118 120 130 135 146 165 
m/e OC 114 115 118 120 125 132 137 142 157 
Relative I on Currents 
12 35 80 160 170 120 90 25 30 20 
14 5 __ -- __ 
16 3200 4300 5000 7000 9600 9000 2600 1300 1800 
17 35 30 _ „ -- -- -- -- -- --
18 120 65 15 40 30 -- -- __ --
19 750 800 1200 2400 3400 4400 1200 500 600 
20 35 40 80 200 260 640 240 90 75 
25 „ _ -- 5 5 -- -- -- -- --
28 140 210 410 600 720 200 330 320 330 
29 5 5 30 25 40 15 30 12 20 
31 45 80 150 260 180 280 80 40 70 
32 14000 18000 26000 32000 42000 50000 12500 7000 8600 
33 b b b b b b b b b 
34 100 110 150 250 300 740 140 60 150 
35 390 800 1250 2000 2000 1200 450 220 230 
38 1700 1700 2000 3800 4000 380 400 170 110 
44 330 950 2200 1800 1350 360 250 160 190 
47 180 400 700 1200 1400 400 500 375 400 
48 360 430 500 600 550 140 190 150 260 
50 50 45 70 120 110 100 60 25 50 
51 80 250 550 1550 3600 8000 1800 4200 6000 
52 __ __ =.- -- __ __ __ __ --
54 250 400 750 1000 900 160 200 70 40 
66 110 220 440 600 620 100 160 120 130 
67 5 5 20 50 20 40 20 15 20 




5 10 25 35 30 20 20 5 5 
5 10 20 40 70 280 60 25 50 
85 35 40 90 4300 12000 1800 6500 5400 5200 
86 __ __ 5 200 1000 140 500 490 490 
87 — — — 110 600 80 250 275 300 
89 — __ __ __ - • = • -- __ -- __ 
100 ~_ ... 20 40 50 15 10 --
102 __ -_ -- 20 35 70 15 5 _«. 
104 __ __ -- 120 400 60 250 250 170 
105 -- __ __ 15 40 40 25 20 25 
119 10 25 30 65 60 80 35 25 10 
127 -- 5 10 5 20 40 10 10 5 
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a = one-half of electron beam width, cm0 
2 
A = cross sectional area, cm „ 
2 
A = surface area of extension piece of inlet system, cm „ 
A(X) = appearance potential of X, ev0 
b = one half of electron beam height, cm. 
c, = distance of sample inlet port to near edge of 
electron beam^ cmD 
Cp = distance of sample inlet port to far edge of 
electron beam, cm0 
C = number of possible configurationso 
D = molecular number density, molecules/cm » 
D(X-Y) = dissociation energy of X-Y, ev„ 
e = emissivity0 
E D = number of bonding electrons, 
E = number of valence shell electrons in a given atom0 
v 3 
E (x) = energy of atomization of X by electron impact studies, ev< 
E (x)_ = energy of atomization of X from thermochemical data, evc 
EA(X) = electron affinity of X„ 
F = fraction of molecules effusing per sec from inlet port 
that is in the collision covolume0 
I,, 1^ = integrals*, 
l(x) = ionization potential of X, evQ 
J = deviation factor from cosine distribution of intensities« 
k = Boltzman's constant, erg/molecule - °K. 
k = thermal conductivity, cal/cm-sec-°Ko 
K = proportionality constant 
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K-Eo = excess kinetic energy, ev0 
1 = length, cm0 
L = total length, cm0 
m = molecular mass, gms/moleculeo 
m/e = mass to charge ratio., 
n = fraction of molecules entering an inlet channel which 
finally emerge within an angle 0 with respect to the 
axis of the channel0 
N, = number of atoms in a given molecule 0 
N, = number of electrons in the effective collision covolume0 b 
N n = number of bonds in a given molecule 0 
D 
2 
N = electron flux, electrons/sec-cm 0 
N = total number of molecules entering a channel per unit 
time, molecules/seco 
N Q = number of molecules emitted from a channel per unit time 
per unit solid angle in the direction 9, molecules/sec 
o 
Nfl = molecular flux in the direction 6, molecules/sec-cm 0 
p = flow parameter^, 
P = pressure 9 dyne/cm 0 
Q = chemical heat added per unit time, cal/sec 
Q = heat added per unit time by electron bombardment, cal/sec 
Q = radiative heat added per unit time, cal/sec 
Q. = total heat added per unit time, cal/sec 
r = radius, cm„ 
R, ,FU = variable resistances, ohms0 
S = total mass spectrometer sensitivity, molecules ionized/sec, 
T = temperature, °Ko 
TQ = temperature of extension piece surface
1, °K» 
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temperature of extension piece at connection to inner 
coolant chamber,, °K0 
temperature of extension piece at outer end, °K. 
total temperature rise in the extension piece, °K0 
temperature of surroundings, °K0 
mean molecular speedy cm/sec0 
width of extension piece, cmc 
rectangular coordinates0 
height of extension piece, crru 
constantSo 
spherical coordinates,, 
/ 2 4 
Stefan-Boltzmann constant, cal/sec-cm - °K 0 
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